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Detektion von Glutamat In Vivo im Gehirn des Menschen mittels
2D-Null-Quanten-Kohärenz-1H-NMR-Spektroskopie bei 3 Tesla
Glutamat und Glutamin, zwei J-gekoppelte Metaboliten, die eine wichtige Rolle
in der Neurochemie spielen, sind auf Grund ihrer stark überlappenden Reso-
nanzen in der 1D-1H-MRS bei klinischen Feldstärken schwer zu unterscheiden. In
dieser Arbeit wurde die STEZQC-2D (Stimulated Echo Zero-Quantum Coherence-
2-Dimensional)-Sequenz benutzt, um die chemischen Verschiebungen und die Mod-
ulationsfrequenz der Null-Quanten-Kohärenzen (ZQC) mittels 2D-Spektroskopie
aufzunehmen. Spektren wurden von Modelllösungen und vom Gehirn in vivo an
einem Ganzkörper-Tomographen bei B0 = 3 T aufgenommen. Die gemessene
(208.730 ± 0.830) Hz ZQC-Frequenz von Glutamat konnte von der (203.125 ±
0.488) Hz ZQC-Frequenz von Glutamat und den ZQC-Frequenzen von Glutamin
[(197.427± 0.700) Hz und (202.252± 1.095) Hz] unterschieden werden. Die Messzeit
hierfür betrug 4:33 h. Um die Aufnahmezeit zu verkürzen, wurde Unterabtastung
benutzt, welche jedoch zu Einfaltungsartefakten führte. Diese wurden anhand von
Fourier-Shifting identiﬁziert. Diese Methode verringerte die Aufnahmezeit um einen
Faktor vier. Mit der Technik wurde in 1:08 h ein In-vivo-Spektrum aus einem Voxel
von 30x30x30 mm3 im Gehirn eines gesunden Probanden (27 J.) aufgenommen. Im
resultierenden 2D-in-vivo-Spektrum sind die Signale von Glutamat und Glutamin
aufgelöst und damit unterscheidbar.
Detection of Glutamate In Vivo in the Human Brain using 2D Zero-Quantum
Coherence 1H NMR Spectroscopy at 3 Tesla
Glutamate and glutamine, J-coupled metabolites which are essential in neuro-
chemistry, are diﬃcult to distinguish in 1D 1H MRS at clinical ﬁeld strengths due
to their strongly overlapping resonances. In this thesis, the STEZQC-2D (Stimu-
lated Echo Zero-Quantum Coherence-2-Dimensional) sequence was used to record
chemical shifts and zero-quantum coherence (ZQC) modulation frequencies in 2D
spectra. Spectra were obtained from model solutions and the human brain in vivo
on a 3 T whole-body tomograph. With an acquisition time of 4:33 h, the measured
(208.730 ± 0.830 Hz) ZQC frequency of glutamate could be distinguished from its
(203.125 ± 0.488) Hz ZQC frequency and those of glutamine, measured at (197.427
± 0.700) Hz and (202.252 ± 1.095) Hz. To shorten the acquisition time, undersam-
pling was used, which leads to the aliasing of the resonances of interest. To conﬁrm
their frequencies, Fourier shifting was used. This reduced the acquisition time by a
factor of four. Using this undersampling an in vivo spectrum from a 30x30x30-mm3
voxel in the brain of a 27-year-old healthy volunteer in which glutamate is well
distinguishable from glutamine was recorded in 1:08 h.
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Chapter 1
Introduction
1.1 One-dimensional 1H NMR Spectroscopy
Proton (1H) Nuclear Magnetic Resonance (NMR) spectroscopy is used in biomed-
ical physics for the non-invasive detection of metabolites within the human body.
Metabolic disorders can be detected based on concentration variances of metabolites or
ratios of metabolite concentrations. Additionally, NMR Spectroscopy (MRS) provides
valuable insight as to how metabolic processes take place.
The organs which are most commonly examined via 1H MRS for diagnostic pur-
poses are the prostate, with its characteristic citrate peak, and the brain. In the brain,
multiple metabolites are routinely detected. The most important of these are myo-
inositol (m-Ins); choline and compounds containing choline, such as phosphorylcholine
(PCho) and glycerophosphorylcholine (GPC), which are together referred to as total
choline (tCho); creatine and phosphocreatine, which can be grouped together to total
creatine (tCr); N -acetyl aspartate (NAA); and lactate (Lac). Other metabolites such
as glutamate (Glu), glutamine (Gln), γ-aminobutyric acid (GABA), and glucose (Glc),
do not belong to the list of routinely detected metabolites, this in spite of the fact that
their concentrations are comparable to those of the commonly examined metabolites.
One reason why these metabolites are not regularly detected is that protons within
them are scalar-coupled, leading to a splitting of their resonance peaks into multiplets.
With this splitting, the number of peaks per proton increases, but at the cost of a lower
intensity per peak, making it more diﬃcult to detect the protons of these metabolites.
A second diﬃculty that occurs in one-dimensional (1D) spectra is that the resonances
of diﬀerent metabolites can overlap, complicating the identiﬁcation of the detected
resonances. Thirdly, metabolic turnover between compounds complicates the detection
of various metabolites while they are in a single state.
1.2 Two-dimensional 1H NMR Spectroscopy
As a solution to the challenges of 1D MRS, two-dimensional (2D) MRS was in-
vented. The principle idea behind 2D MRS is that a series of 1D spectra is recorded,
where a parameter is changed from one spectrum to the next. After the spectra are
recorded, they are aligned in a certain way and then a second Fourier transformation
(the ﬁrst Fourier transformation was performed on the time-domain data to obtain
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the frequency domain spectra) is taken along the axis of the parameter which was
changed before the acquisition of each spectrum. Depending on the parameter that
was varied and the post-measurement alignment of the data, diﬀerent parameters can
be read along the axis of the changed parameter. These values, many of which are only
observable for molecules with scalar-coupled protons, provide a second identiﬁcation
parameter for the metabolites. These parameters include the J-coupling constant in
J Point-Resolved Spectroscopy (JPRESS), the chemical shift in Constant Time Point-
Resolved Spectroscopy (CTPRESS), the chemical shift of directly scalar-coupled nu-
clei in Correlation Spectroscopy (COSY), the chemical shift of directly and indirectly
scalar-coupled nuclei in Total Correlation Spectroscopy (TOSCY), the chemical shift
of nuclei which are coupled over their nuclear dipoles in Nuclear Overhauser Enhance-
ment and exchange Spectroscopy (NOESY), and the zero-quantum coherence (ZQC)
modulation frequency in Stimulated Echo Zero-Quantum Coherence (STEZQC)-2D.
Three major disadvantages of 2D MRS have prevented it from becoming a clinical
procedure. These are the considerably longer acquisition times that result and the
necessary stability of the system during these extended acquisition times. Additionally,
the post-processing times are also longer, particularly when the stability of the system
condition is not fully met.
1.3 2D 1H MRS of Glutamate via STEZQC-2D
Glutamate and glutamine are two of the metabolites of interest in 2D MRS. In
spite of their relatively high concentrations in the brain (6.0 - 12.5 mmol/kgww for Glu
and 3.0 - 5.8 mmol/kgww for Gln [14]), they are diﬃcult to detect and distinguish from
each other in 1DMRS and at clinical ﬁeld strengths. There are multiple reasons for this.
First, their chemical structures diﬀer only minimally, resulting in strongly overlapping
spectra, which leads to them being grouped together to Glx in in vivo spectra. Secondly,
the turnover rate between the two is quite high at (0.32 ± 0.05) µmol/min/g [36],
preventing measurement of the metabolites while in a single state. Thirdly, scalar-
coupling of the ﬁve detectable protons of both Glu and Gln causes their resonances
to be split into three multiplets consisting of four, sixteen, and eight peaks. Fourthly,
protons from other metabolites such as NAA, glucose, and GABA resonate near those
of Glu and Gln.
In this thesis, Glu is diﬀerentiated from Gln via the STEZQC-2D technique. This
technique makes use of zero-quantum coherences (ZQC), which are created during a
Stimulated Echo Acquisition Mode (STEAM) sequence. A second Fourier transfor-
mation along the indirect time axis provides the modulation frequency of the ZQC.
ZQC are only created when coupled spins are present. Therefore, only molecules with
scalar-coupled protons are then detected along the ZQC modulation axis.
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1.4 2D 1H MRS of Glutamate via undersampled STEZQC-2D
This thesis introduces an improved STEZQC-2D method and demonstrates for
the ﬁrst time that it can be implemented to diﬀerentiate Glu from Gln in vivo in the
human brain. The STEZQC-2D method has previously been used to record Glu and
Gln in model solutions, however, no attempt was made to diﬀerentiate Glu from Gln.
This was because the zero-quantum coherence modulation frequencies, the value of
interest in STEZQC-2D, of the two lay less than 4 Hz apart when in a magnetic ﬁeld
of 1.5 T, which was used at the time [2]. In order to achieve the necessary resolution
to distinguish Glu from Gln, scan times of over ﬁve hours would have been necessary.
The introduction of the 3 T Siemens TIM Trio whole-body tomograph at the Ger-
man Cancer Research Center (DKFZ) at the time of the start of this thesis, increased
the signal to noise ratio, which in turn allowed the scan time to be reduced to slightly
under four hours. However, this was still unacceptable for in vivo studies.
Therefore, this thesis proposes an application of undersampled STEZQC-2D in
combination with the Fourier-Shift Theorem. It is shown that when these are combined,
it is possible to diﬀerentiate Glu from Gln in vivo in STEZQC-2D spectra recorded in
1 hour and 8 minutes.

Nuclear Magnetic Resonance,
Magnetic Resonance
Spectroscopy, and Detection
for Audrey Louise

Chapter 2
Nuclear Magnetic Resonance, Magnetic
Resonance Spectroscopy, and Detection
The basic principle behind nuclear magnetic resonance (NMR) is the interaction
between nuclei with spin angular momentum and a magnetic ﬁeld. A nucleus with an
angular momentum 6= 0 that is placed in a magnetic ﬁeld will assume various quantum
states, according to its magnetic dipole moment. If an ensemble of such angular mo-
menta are present, which are excited by a radio frequency pulse, the expectation value
of the transversal components can be measured via Faraday induction of the precession
of the macroscopic magnetization in an antenna.
In the case of NMR spectroscopy (MRS), additional magnetic ﬁelds within the
molecules contribute to the total magnetic ﬁeld. These local magnetic ﬁelds lead to
a change in the rate of precession of the magnetization, providing each molecule, and
even each nucleus within each molecule, with its own individual characteristic resonance
frequency. This allows the frequencies of the molecules to be recorded in the form of
a spectrum. A second phenomenon which characterizes MRS is that within some
molecules, nuclei are scalar coupled, leading to a splitting of the resonance peaks into
multiplets.
Two standard sequences are used to acquire single-voxel spectra. These are PRESS
and STEAM. Whereas the PRESS sequence is designed to detect signal arising from a
Hahn spin echo, a stimulated echo is recorded in the STEAM sequence.
2.1 1H NMR
As its name implies, nuclear magnetic resonance (NMR) involves nuclei, a mag-
netic ﬁeld, and an on-resonant frequency. In the case of clinical 1H NMR, these three
components are the naturally occurring hydrogen nuclei in human tissue, a whole-
body tomograph with a ﬁeld strength of 3 T or less (ﬁeld strengths greater than 3 T
are currently not referred to as clinical), and a source of radiation with radio wave
frequency.
9
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2.1.1 1H NMR
Nuclei that have an angular momentum (also known as spin) I 6= 0 are potential
candidates for NMR. If all of the nucleons within a nucleus are paired, I = 0. However,
if there are unpaired nucleons, I may assume half or whole integer values ranging from
1
2
to 15
2
. In the case of 1H, I = 1
2
.
Associated with the angular momentum is a magnetic dipole moment. These can
be written as quantum mechanical operators as
→ˆ
µ = γ
→ˆ
I (2.1)
where γ is the gyromagnetic ratio. With its gyromagnetic ratio of γ/2pi = 42.58 MHz/T,
1H has the largest magnetic dipole moment of all nuclei save tritium. This combined
with the abundance of 1H in living tissue has lead to the fact that NMR imaging is
performed almost exclusively with 1H.
The magnitude of the magnetic dipole moment is quantized, since the angular
momentum is quantized.
→ˆ
I2 |I,mI〉 = I(I + 1)h¯2 |I,mI〉 (2.2)
2.1.2 1H NMR
When a static external magnetic ﬁeld,
→
B0, is applied, a discrete number of (2I +1)
quantum states is generated. The interaction of the external magnetic ﬁeld with the
magnetic dipole moments is described via the Hamiltonian
Hˆ = −→ˆµ· →B0 = −γ
→ˆ
I ·
→
B0 (2.3)
or for the case of a static ﬁeld in the z-direction,
 00
B0

Hˆz = −γIˆzB0 (2.4)
Since Hˆz commutes with Iˆz, the eigenstates of Hz are also those of Iz. Iz fulﬁlls the
eigenwert equation
Iˆz |I,mI〉 = mIh¯ |I,mI〉 (2.5)
The magnetic quantum number, mI , assumes the 2I+1 possible values -I, -I +
1
2
, . . . .
+I - 1
2
, +I, leading to two values of Iz for
1H: +1
2
h¯ and -1
2
h¯. Therefore
IˆzΨ+ 1
2
= +
1
2
h¯Ψ+ 1
2
IˆzΨ− 1
2
= −1
2
h¯Ψ− 1
2
(2.6)
Borrowing from the electron spin resonance notation, the energy levels mI = +
1
2
and
mI = -
1
2
can be referred to as α and β, respectively.
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From the Schrödinger equation
Hˆ |I,mI〉 = E |I,mI〉 (2.7)
one ﬁnds
E = −γh¯B0mI (2.8)
For 1H, the energy diﬀerence between the two possible energy states is
∆E = h∆ν = γh¯B0(−1
2
)− γh¯B0(+1
2
) (2.9)
= −γh¯B0
→ ν = − γ
2pi
B0 (2.10)
→ ωL = −γB0 (2.11)
ωL is the Larmor frequency, the precession frequency of the expectation value of
→ˆ
I .
For an ensemble of protons, the population probability of the quantum states for
1H is given by the Boltzmann distribution
PIz =
e
−γh¯IzB0
kτ∑+Iz
−Iz e
−γh¯IzB0
kτ
(2.12)
where k is the Boltzmann constant and τ is the absolute temperature in Kelvin.
Since the energy levels are not equally populated
N− 12
N+
1
2
= e
−γh¯B0
kτ (2.13)
an initial macroscopic magnetization, M0, comes into existence, which can be measured.
For spin-1
2
nuclei, this macroscopic magnetization is given by Curie's law.
M0 =
ργ2h¯2B0
4kτ
(2.14)
where ρ is the number of protons per unit volume, or the spin density.
2.1.3 1H NMR
When NMR is performed, this magnetization is subjected to resonant radio fre-
quency radiation. The development over time of the magnetization is given by
d
→
M (t)
dt
=
→
M (t)× γ →B (t) (2.15)
where →
B =
→
B0 +
→
B1 (2.16)
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with
→
B1 =
B1cos(ωHF t)B1sin(ωHF t)
0
 (2.17)
the polarization of the ﬁeld orthogonal to
→
B0.
This leads to
d
→
M (t)
dt
=
→
M (t)×
 γB1cos(ωHF t)γB1sin(ωHF t)
γB0
 (2.18)
or in a coordinate system that rotates about the z-axis with a frequency of ω
d
→
M
′
(t)
dt
=
→
M
′
(t)×
 γB10
γB0 + ωHF
 = →M ′ (t)× γ →Beff (2.19)
If the resonance condition is fulﬁlled and ωHF is equal to the Larmor frequency,
ωL, the z-component of
→
Beff becomes zero and the magnetization is rotated about the
x'-axis. If
→
B1 is applied for a time tf , then the magnetization is rotated about the
x'-axis by an angle
φ =
∫ tf
0
γB1(t)dt (2.20)
This angle is known as the ﬂip angle, and the inﬂuence of
→
B1(t) as a pulse, an application
of
→
B1 for a time tf that causes a ﬂip angle of 90
◦ being known as a 90◦ pulse.
If the magnetization is tilted away from the z-axis, it can be measured, and is
recorded as a free induction decay (FID), which has the form of a damped sine curve.
The damped sine curve shape comes from the Larmor precession about the z-axis in
combination with relaxation of the magnetization. The relaxation of the magnetization
is due to three factors. The magnetization relaxes to its thermal equilibrium orientation
along the z-axis (T1 relaxation or spin-lattice relaxation). Additionally, the individual
spins create local magnetic ﬁelds which lead to a dephasing of the magnetization (T2 or
spin-spin relaxation). Furthermore, local external ﬁeld inhomogeneities also contribute
to magnetization dephasing (T
′
2). T2 and T
′
2 can be combined to
1
T ∗2
=
1
T2
+
1
T
′
2
(2.21)
Whereas appropriately designed detection sequences can compensate the eﬀects
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of T
′
2, the eﬀects of T2 remain. These eﬀects lead to the relaxation terms intro-
duced by Felix Bloch in 1946 [3]
dMz
dt
=
M0 −Mz
T1
dMx
dt
= ω0My − Mx
T2
(2.22)
dMy
dt
= ω0Mx − My
T2
where Mz, My, and Mx are the magnetizations along the z-, y-, and x-axis, respectively.
When the signal is considered quantum mechanically, it can be seen as the result
of a substantially large number of transitions from one quantum state to another. For
the case of free 1H in a static external magnetic ﬁeld, the quantum states of α (also
known as spin up) and β (also known as spin down) are possible, (Figure 2.1) and
when a signiﬁcant number of transitions takes place between them simultaneously, this
leads to a signal which oscillates with the Larmor frequency and has an intensity that
is proportional to the number of protons whose energy level changes.
E
∆E0
12 
= ω
L
E0
2
E0
1 β
α
Energy Levels Spectrum
ω
L
ω
I
Figure 2.1. Energy Levels and transition for an ensemble consisting of free 1H in
a static external magnetic ﬁeld. Fourier transformation of the detected
signal leads to a spectrum with one peak at the Larmor frequency.
The transverse magnetization, M⊥, induces a current in a detection coil according
to Faraday's law of induction
Uind(t) ∝ dM⊥(t)
dt
(2.23)
Fourier transformation of the detected time domain signal yields the precession fre-
quency of the magnetization.
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2.2 1H MRS
The situation, however, becomes more complicated when these nuclei are bound
within molecules, which is the case in most systems studied with magnetic resonance
spectroscopy (MRS). In liquids two main modiﬁcations must be taken into considera-
tion. These are chemical shift and scalar coupling.
2.2.1 Chemical Shift
When a nucleus in a molecule, which is surrounded by an electron cloud, is placed
in an external magnetic ﬁeld, an electronic moment is induced according to Lenz's law,
which opposes the external magnetic ﬁeld. This leads to a local magnetic ﬁeld at the
position of the nucleus of
→
Blocal = (1− σ)
→
B0 (2.24)
The factor σ, which describes the deviation from the initial external magnetic ﬁeld, is
known as the chemical shift, and is speciﬁc to each chemically non-equivalent atom in
a molecule.
If
→
B0 in Equation 2.11 is replaced by
→
Blocal, it is seen that the Larmor frequency,
ωL, changes. Since each chemically diﬀerentiable nucleus experiences a diﬀerent
→
Blocal,
each has its own resonance frequency, Ω. These frequencies can be recorded in the form
of a spectrum. This allows diﬀerent nuclei as well as nuclei of the same type, which are
located within diﬀerent chemical environments within molecules, to be distinguished
from one another. The frequency range covered by 1H is 10−5ωL or approximately a
bandwidth of 1000 Hz.
In NMR spectra, the intensity is commonly not plotted over frequency in Hertz,
but rather over relative frequency, such as the chemical shift in parts per million (ppm).
This is because
δ =
ΩR − Ω
ΩR
(2.25)
which is deﬁned using a reference frequency ΩR, is a dimensionless unit, and therefore
spectra recorded at diﬀerent static ﬁeld strengths can be compared more easily, since δ
is independent of the ﬁeld strength. The chemical shift is described by the Hamiltonian
HˆCS = −
∑
n
ΩnIˆnzB0 (2.26)
Due to historical reasons, the ppm scale runs from right to left. (In the early years
of NMR, when continuous wave NMR (CW NMR) was performed instead of Fourier-
transform NMR (FT NMR), high frequencies were recorded before low frequencies.)
2.2.2 Scalar Coupling
J-coupling occurs between nuclei that are bound within a molecule. Here the
electron cloud conﬁguration at the site of one nucleus eﬀects the electron cloud at a
neighboring nucleus, causing a change in the local magnetic ﬁeld there. Therefore,
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the state of the one nucleus raises or lowers the energy levels of the second nucleus,
leading to not one resonance frequency for the second nucleus, but rather two resonance
frequencies. The original non-J-coupled resonance frequency is replaced by the two J-
coupled resonances, which are centered around the non-J-coupled resonance. This
eﬀect can be observed for nuclei that are separated from each other by three or less
bonds. For isotropic ﬂuids one ﬁnds
HˆJ = −2pi
∑
m<n
Jmn
→ˆ
Im ·
→ˆ
In (2.27)
with Jmn being the J-coupling constant between spins m and n. If weak coupling is
present, in other words, the coupling constant is small compared to the diﬀerence of
the chemical shifts of the coupled spins,
|2piJmn| << |Ωm − Ωn| (2.28)
the ﬁrst order of the perturbation theory allows
→ˆ
Im ·
→ˆ
In to be reduced to its z-scalar
component. This leads to
HˆS = −2pi
∑
m<n
Jmn Iˆmz · Iˆnz (2.29)
Reconsidering Figure 2.1 for the case of two nuclei, it can be seen that there are now
four possible combinations of energy levels for the two nuclei. Both nuclei can be in
either α or β states, or one can be in the α state while the other is in the β state, or
vice versa. For the case of two magnetically equivalent nuclei, the later two states are
equivalent (Figure 2.2). Although six transitions are possible (αα → αβ, αα → βα,
αα→ ββ, αβ → βα, αβ → ββ, βα→ ββ), only four of these are observable (αα→ αβ,
αα → βα, αβ → ββ, βα → ββ) and these all result in the same frequency, which can
be seen by applying the time independent Schrödinger equation
Hˆ0Ψ = EΨ (2.30)
using the Hamiltonian from Equation 2.26.
E01 =
1
2
h¯(+ΩA + ΩM)
E02 =
1
2
h¯(+ΩA − ΩM) (2.31)
E03 =
1
2
h¯(−ΩA + ΩM)
E04 =
1
2
h¯(−ΩA − ΩM)
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The transitions between the energy levels are found by calculating
∆E0ij =
∣∣∣E0i − E0j ∣∣∣ (2.32)
leading to
∆E012 = ∆E
0
34 = h¯ΩM (2.33)
∆E013 = ∆E
0
24 = h¯ΩA
and due to the magnetic equivalence of nucleus A and nucleus M (ΩA = ΩM)
∆E013 = ∆E
0
24 = ∆E
0
12 = ∆E
0
34 = h¯ΩA (2.34)
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Figure 2.2. Two-Spin System Energy Levels and transitions for magnetically
equivalent, non-J-coupled spins.
However, if the two nuclei are not magnetically equivalent, the second and third
energy levels of Equation 2.31 also become distinguishable. This leads to four distinct
energy levels. The transitions between these energy levels yield two frequencies, as in
Equation 2.33, one frequency resulting between transition between αα and αβ as well
as between βα and ββ and the second frequency resulting from transitions between αα
and βα as well as between αβ and ββ (Figure 2.3).
Finally, if the case of two magnetically non-equivalent nuclei which are J-coupled
is considered, it is once again found that there are four possible energy levels. This
time, however, four distinct frequencies result. If Equation 2.30 is recalculated, taking
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Figure 2.3. Magnetically non-equivalent Two-spin System Energy Levels
and transitions for non-J-coupled spins.
account for the J-coupling, one ﬁnds
E1 =
1
2
h¯(+ΩA + ΩM) +
pi
2
h¯JAM
E2 =
1
2
h¯
√
(ΩA − ΩM)2 + (2piJAM)2 − pi
2
h¯JAM (2.35)
E3 =
1
2
h¯
√
(−ΩA + ΩM)2 + (2piJAM)2 − pi
2
h¯JAM
E4 =
1
2
h¯(−ΩA − ΩM) + pi
2
h¯JAM
Using Equation 2.28 to simplify E2 and E3 and applying Equation 2.32, one arrives at
the transition frequencies which are seen in Figure 2.4
∆E12 = h¯ΩM + pih¯JAM
∆E13 = h¯ΩA + pih¯JAM (2.36)
∆E24 = h¯ΩA − pih¯JAM
∆E34 = h¯ΩM − pih¯JAM
Two groups of two frequencies are now observed, which are centered around the
frequencies which occur in the case of two magnetically non-equivalent non-coupled
nuclei. Within each group, the two frequencies, each of which having half of the
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Figure 2.4. Magnetically non-equivalent and J-coupled Two-spin System
Energy Levels and transitions.
intensity of a non-coupled nucleus, are separated by a distance which corresponds to
the J-coupling constant of the two in Hertz.
Figure 2.5 shows an example of two of the metabolites of interest in clinical MRS
in the brain, NAA and lactate. It can been seen that in addition to having a diﬀerent
chemical shift than NAA, the resonance from lactate, which is J-coupled as opposed to
the non J-coupled resonance of NAA at 2.0 ppm, is split into two frequencies, according
to the J-coupling constant between its 1CH- and 2CH-protons.
When the resonance of a nucleus is split into several resonances, the group of
resonances is known as a multiplet. Certain properties speciﬁc only to multiplets make
two-dimensional spectroscopy possible. This is because the multiplets' behavior during
the sequences is diﬀerent from that of non-coupled nuclei.
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NAA
Lactate
J-coupling
Figure 2.5. Chemical Shift and J-coupling as seen in a model solution containing
NAA (non-J-coupled) and lactate (J-coupled).
2.3 Localized 1H MRS
It is generally desirable when performing spectroscopy to acquire localized signals
from selected regions of the tissue. Two basic localized spectroscopy sequences have
proven their success over the years. These are Point-Resolved Spectroscopy (PRESS)
and Stimulated Echo Acquisition Mode (STEAM).
2.3.1 PRESS
The PRESS sequence is a double-echo sequence composed of three sinc-shaped
pulses [4], a pulse being radio frequency (rf) radiation applied for some duration of
time. It can be seen from Equation 2.20, that the ﬂip angle is dependent on the
length of time for which the radiation is applied. In the PRESS sequence (seen in
Figure 2.6), the ﬁrst pulse is a 90◦ pulse, which is followed by two 180◦ pulses. During
the application of each of the pulses, gradients of the form
Gn =
∂Bn
∂xn
n = 1, 2, 3 (2.37)
are applied. This leads to the total magnetic ﬁeld at the position
→
r (x1, x2, x3) of
B
→
(r) = B0+
→
r
→
G (2.38)
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Replacing B0 in Equation 2.11 with B
→
(r), it is seen that
ω(
→
r ) = γB0 + γ
→
r
→
G (2.39)
The three gradients, which are applied during the three pulses, are orthogonal to each
other, so that during each pulse a slice is excited, which is orthogonal to the other two
slices. Only signal deriving from the volume where all three slices intersect is detected.
This manner of localized excitation is known as single-voxel excitation.
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Figure 2.6. The PRESS Sequence is comprised of a 90◦ rf pulse, followed by two
180◦ pulses, each of which is applied during one of the orthogonal slice-
selection gradients (in green). The signal, a Hahn spin echo, is detected
during the ADC (in yellow). De- and rephasing gradients are shown in
blue and ﬁnal spoiling gradients in purple.
Before the ﬁrst pulse, the magnetization is in its thermal equilibrium orientation
parallel to the +z-axis. Since the ﬁrst pulse is applied along the +x-axis, the magne-
tization rotates about this axis to result in -y-magnetization. The magnetization now
precesses about the +z-axis, magnetization from diﬀerent magnetically bound nuclei
precessing at diﬀering frequencies, leading to dephasing, and magnetization from mag-
netically equivalent nuclei dephasing due to T∗2. After a certain amount of time, known
as the half of the ﬁrst echo time TE1
2
, the ﬁrst 180◦ pulse is applied along the +x-axis.
Before the application of this pulse, larger frequency magnetization had precessed fur-
ther than smaller frequency magnetization. Therefore, the angle between the +x-axis
and the larger frequency magnetization diﬀers from that of the smaller frequency mag-
netization. Once the 180◦ pulse takes place, the magnitude of the angles that the
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various magnetizations had assumed to the +x-axis remain the same, however their
orientation along the y-axis reverses. For example, had the magnetization precessed
less than 90◦ before the application of the ﬁrst 180◦ pulse, the angle between the +x-
axis and the larger frequency magnetization would be smaller than that of the smaller
frequency magnetization and the +x-axis. Application of the 180◦ pulse would retain
the magnitude of these angles, only now the orientation would no longer be between
the -y-axis and the +x-axis, but between the +y-axis and the +x-axis. This means that
the smaller frequency magnetization is rotated further about +z-axis than the larger
frequency magnetization. After the 180◦ pulse, the magnetization continues to precess
in the same direction according to its resonance frequency and the diﬀerence between
the phase of the larger frequency magnetization and that of the smaller frequency
magnetization decreases. After the time TE1
2
has passed after the application of the
second pulse, the magnetization is rephased along the +y-axis, aside from the eﬀects of
T2. This is known as a spin echo. However, the magnetization immediately begins to
dephase again, the angle between the +y-axis and the magnetization increasing faster
for the larger frequency magnetization than for the smaller frequency magnetization.
This dephasing takes place for a time TE2
2
, which may or may not be equal to TE1
2
,
after which the second 180◦ pulse is applied along the +x-axis and the same process
of rephasing takes place for a time TE2
2
. After this time the analog-to-digital converter
(ADC) detects the signal. The magnitude of the magnetization recorded at this point
is reduced due to the eﬀects of T1 and T2 decreasing the amount of magnetization that
is in-phase in the transversal plane.
From the technical standpoint, it is seen from Equation 2.39, that the slice select-
ing gradients lead to varying ω(
→
r ) throughout the slice of thickness d. To compensate
for this, refocusing pulses are applied after each slice selection gradient. Furthermore,
the second refocusing 180◦ pulse not only refocuses the spin echo which occurred at
time point TE1, but it also causes two additional spin echoes to occur, one being the
refocused magnetization from the time of the 90◦ pulse and the second that of the
magnetization at the time TE1
2
, the time of the ﬁrst 180◦ pulse. Only the spin echo at
time TE1 + TE2 is desired and therefore it is important, that only this magnetization,
which has been subjected to all three slice selection gradients is recorded. In order to
hinder the formation of echoes from other slices, dephasing and rephasing gradients are
applied before and after the slice selection gradients. Finally, a last set of dephasing
gradients is applied after the ADC to remove any residual transversal magnetization.
2.3.2 STEAM
Similar to the PRESS sequence, the STEAM sequence [12] (seen in Figure 2.7)
also is comprised of three rf pulses applied in combination with orthogonal slice selec-
tion gradients, which lead to the excitation of the nuclei in a single voxel. However,
contrary to the PRESS sequence, the STEAM sequence uses only 90◦ pulses. As in the
PRESS sequence, before the ﬁrst pulse, the magnetization is in its thermal equilibrium
orientation along to the +z-axis. The ﬁrst pulse, applied along the +x-axis, rotates
the magnetization about this axis to result in -y-magnetization. The magnetization
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Figure 2.7. The STEAM Sequence is comprised of three sinc-shaped 90◦ rf pulses,
which are applied along with orthogonal gradients (in green), de- and
rephasing gradients during the TE
2
s (in blue), three spoiler gradients dur-
ing TM (in red), ﬁnal spoiling gradients (in purple), and an ADC (in
yellow).
precesses about the +z-axis according to the resonance frequencies of the speciﬁc nuclei
and dephases as in the PRESS sequence. Dephasing gradients are now applied along
the x-, y- and z-axes. The dephasing caused by these gradients is rephased by an addi-
tional set of matched gradients, which are applied after the third 90◦ pulse takes place.
After TE
2
has passed and the magnetization is dephased in the xy-plane, the second
90◦ pulse is applied. This causes the magnetization to be rotated into the xz-plane.
Now, spoiler gradients are applied, which completely dephase all transversal magneti-
zation, leaving only a net longitudinal component remaining. After a time TM, known
as the mixing time, the third 90◦ pulse is applied. This pulse rotates the xz-plane to
the xy-plane. A ﬁnal set of gradients, which are matched to the ﬁrst set, are applied,
which rephase the transversal magnetization along the -y-axis, after the time TE
2
has
passed, causing a stimulated echo.
The drawback of the STEAM sequence is that even in the ideal situation where
relaxation is ignored, only half of the magnetization that was excited by the ﬁrst
pulse is detected in the end. However, this is necessary, in order to insure that only
a stimulated echo is recorded and no spin echoes or FIDs. If no dephasing or spoiler
gradients were present in the STEAM sequence, four spin echoes and three FIDs would
occur in addition to the stimulated echo. The magnetization which was excited by the
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ﬁrst pulse would be refocused by the second pulse to form a spin echo at time TE
(SE12 in Figure 2.8). Similarly, this magnetization can be refocused by the third
pulse to form a spin echo at the time TE+2TM (SE13 in Figure 2.8). It can also
be refocused by pulses two and three, leading to a spin echo at time 2TM (SE123 in
Figure 2.8). Furthermore, there is a spin echo at time TE
2
+2TM, which results from
the magnetization which was excited by the second pulse being refocused by the third
pulse (SE23 in Figure 2.8). FIDs occur after each 90◦ pulse. The application of spoiler
gradients during TM eliminates all of the unwanted spin echoes and the ﬁrst two FIDs.
The ﬁnal FID can be eliminated using de- and rephasing gradients applied during the
ﬁrst and second TE
2
s.
TM
FID1 FID2 FID3
SE12 SE123
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TE/2 + 2TM
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Figure 2.8. Echoes of the STEAM Sequence occur at ﬁve diﬀerent times. There
are four spin echoes (in purple) at the times TE, 2TM, TE
2
+2TM, and
TE+2TM (the ﬁrst number under the echo indicates the pulse which
originally excited the magnetization and the second (and third) indicate
the pulse(s) which refocused the magnetization) as well as three FIDs (in
yellow) which occur immediately after each rf pulse. Of interest, however,
is the stimulated echo (in teal), which occurs at the time TE+TM.
The dephasing gradients which occur during the ﬁrst TE
2
completely dephase the
transversal magnetization. The xy plane is rotated to the xz-plane by the second
90◦ pulse. The spoiler gradients which then take place dephase the transversal compo-
nents, leaving only a net longitudinal but no net transversal magnetization remaining.
This magnetization is rotated back into the transverse plane by the third 90◦ pulse,
after which rephasing gradients are applied, which rephase the transversal components,
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leading to a net measurable transversal magnetization, but no net longitudinal mag-
netization, which reduces the measurable magnetization by approximately 50%.
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The simpliﬁed version of the single-quantum magnetization evolving in-phase dur-
ing the PRESS and STEAM sequences, does not, however, signiﬁcantly describe the
evolution for all purposes. When J-coupled protons are present, the precession frequen-
cies are modiﬁed from that of an uncoupled state. Furthermore, additional magnetiza-
tion states are created. These include single-quantum anti-phase states in the PRESS
and STEAM sequences, as well as zero- and multi-quantum states in the STEAM
sequence.
These deviations from the non-coupled state provide the basis of 2D spectroscopy.
Depending on the chosen detection sequence and its set-up, the multiplets can be either
in-phase or anti-phase, or anywhere there in between, with the rest of the spectrum.
Additionally, their intensity is modulated. Furthermore, when zero- or multi-quantum
coherences are present, their precession frequency deviates from that of the single-
quantum coherences (SQC). This modulation provides the basis for STEZQC-2D MRS,
which uses the ZQC modulation frequency as a second parameter (in addition to the
traditional chemical shift) for metabolite identiﬁcation.
3.1 Magnetization Evolution in 1D Spectroscopy with the Se-
quences PRESS and STEAM
The presence of J-coupled protons leads to two additional eﬀects in the magneti-
zation evolution. The ﬁrst of these is a shift of the precession frequencies. Secondly, the
magnetization assumes states other than the single-quantum in-phase state. In both
the PRESS and STEAM sequences, anti-phase magnetization is also created. The
magnetization evolution in the STEAM sequence is even more complicated, as here
zero- and multi-quantum states are formed.
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3.1.1 Magnetization Evolution in the PRESS Sequence
Single-Quantum Evolution
When J-coupled protons are subjected to the PRESS sequence, the magnetization
evolution must be considered more carefully than when no J-coupling is present. The
ﬁrst 90◦ pulse rotates the magnetization onto the -y-axis. During the ﬁrst TE1
2
, the
magnetization which was rotated to the -y-axis by the ﬁrst 90◦ pulse, begins to precess.
This leads to not only a y-component, but also an x-component of the magnetization.
This magnetization is, however, referred to as being in-phase, since only one type of
nucleus is involved.
During the ﬁrst TE1
2
, J-coupling also takes place. The result of two types of mag-
netically diﬀerentiable nuclei, for example A and M protons, experiencing J-coupling,
is that magnetization states that involve both proton types are created. If the magne-
tization of type A protons had an in-phase +x-component, J-coupling with the type M
protons would lead to the creation of a magnetization component of the type A protons
that is oriented along the +y-axis and is in anti-phase with the z-component of the
magnetization of the type M protons. Similarly, components of the magnetization of
the type A protons that are oriented along the -y, +x, and -x-axes and are in anti-
phase with the +z-component of the magnetization of the type M protons are created
from -x, -y, and +y in-phase magnetization of type A protons, respectively. The same
processes must also be taken into consideration for the type M protons, so that im-
mediately before the application of the ﬁrst 180◦ pulse, 16 magnetization components
can be present for a system consisting of two types of J-coupled protons: four in-phase
components of the magnetization of type A protons, four in-phase components of the
magnetization of type M protons, four components of the magnetization of type A
protons which are in anti-phase to the +z-component of the magnetization of the type
M protons, and four components of the magnetization of type M protons which are in
anti-phase to the +z-component of the magnetization of type A protons.
Application of the ﬁrst 180◦ pulse along the +x-axis, inverts the sign of the y-
and z-magnetization components. After the time TE1
2
has passed a second time, the
+x-, -x, +y, and -y in-phase magnetization components have rephased to their original
-y orientation to create a spin echo. However, during this same time in which they
are rephasing, a portion of them is also converted into anti-phase magnetization due
to the J-coupling. On the other hand though, some of the magnetization that was in
anti-phase during the ﬁrst TE1
2
is transferred into in-phase magnetization during the
second TE1
2
. This magnetization also re-phases to contribute to the spin echo.
The same evolution processes take place again during the ﬁrst TE2
2
, second 180◦
pulse, and second TE2
2
, so that when the second spin echo is formed, both in-phase
and anti-phase magnetization are present. Of these, only the in-phase magnetization
is observable.
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J-coupling
In terms of precession frequency, J-coupling leads to a splitting of the resonance
peaks. This was seen in Equation 2.36 for a system consisting of two proton types,
where four peaks result, two of which are centered around ΩA and two around ΩM .
Each of the peaks in the, in this case, doublets is separated by JAM , and each has half
of the intensity of that which a peak at ΩA or ΩM would have, were its contributing
protons non-J-coupled.
This phenomenon can also be explained in terms of pulse sequences. Whereas
the chemical shift of the magnetization types is rephased via a 180◦ pulse, J-coupling
is not eﬀected by the pulses, and is therefore not necessarily rephased. This leads to
the fact that the phase of the magnetization from the J-coupled protons is modulated
according to the TE1 and TE2 times. An example of this can be seen in Figure 3.1,
where two free induction decays (FID) are shown. The upper FID was recorded from
I [a. u.]
I [a. u.]
t [ms]
t [ms]
Figure 3.1. Free Induction Decay with (green) and without (teal) multiplets. The
blue FID was recorded from distilled water at 3 T. The teal FID was
obtained from a 40 mmol glutamate model solution.
distilled water at 3 T. The lower FID was obtained from distilled water containing
40 mmol of glutamate. The spectrum of glutamate displays three sets of multiplets,
which originate from three groups of protons and eight sets of J-couplings. In this
FID, it can be seen that the J-coupling of the multiplet magnetization has not been
rephased, at the time of acquisition of the FID, when the rest of the magnetization
resulting from non-J-coupled protons was at the point of a spin echo. Instead, it is
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seen that each of the three groups of protons experiences its own delayed spin echo,
where the J-coupling is rephased, as indicated by the three vertical arrows.
3.1.2 Magnetization Evolution in the STEAM Sequence
Single-Quantum Evolution
As in the PRESS sequence, J-coupling of protons leads to the creation of magneti-
zation other than that which is in-phase single-quantum. Here the case for three types
of protons, A, M, and N, which experience JAM , JAN , and JMN coupling, is examined.
During the ﬁrst TE
2
, in addition to the in-phase magnetization arising from the A, M,
and N protons, J-coupling leads to the formation of anti-phase magnetization IAM ,
IAN , and IMN , as well as IAMN , in which one of the proton types is in anti-phase with
the other two types. Dephasing gradients are applied directly before the end of TE
2
,
which completely dephase the magnetization in the xy-plane. Therefore, immediately
before the application of the second 90◦ pulse, 48 components can be present for a
three-spin J-coupled system: twelve in-phase components, four each for the magneti-
zation of type A, M, and N protons, four components of the magnetization of type A
protons which are in anti-phase to the +z-component of the magnetization of spin M,
four components of the magnetization of type A protons which are in anti-phase to the
+z-component of the magnetization of spin N, four components of the magnetization
of type M protons which are in anti-phase to the +z-component of the magnetiza-
tion of spin A, four components of the magnetization of type N protons which are in
anti-phase to the +z-component of the magnetization of spin A, four components of
the magnetization of type M protons which are in anti-phase to the +z-component of
the magnetization of spin N, four components of the magnetization of type N protons
which are in anti-phase to the +z-component of the magnetization of spin M, four
components of the magnetization of type A protons which are in anti-phase to the
+z-components of both the magnetization of type M as well as the magnetization of
type N protons, four components of the magnetization of type M protons which are in
anti-phase to the +z-components of both the magnetization of type A as well as the
magnetization of type N protons, and four components of the magnetization of type
N protons which are in anti-phase to the +z-components of both the magnetization of
type A as well as the magnetization of type M protons. This can be summarized as
12 in-phase components, 24 anti-phase components involving two types of nuclei, and
12 anti-phase components involving three nuclei types.
Application of the second 90◦ pulse along the +x-axis, rotates the magnetization
that was in the transversal plane into the xz-plane. A portion of the magnetization that
was rotated remains in the single-quantum state. Spoiler gradients are immediately
applied after the second 90◦ pulse, which dephase the transversal magnetization. Since
only a longitudinal magnetization component remains, no J-coupling takes place during
the ensuing TM period.
The magnetization is now rotated a ﬁnal time about the +x-axis by the third
90◦ pulse. Immediately after the application of this pulse, rephasing gradients are
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applied which compensate the dephasing gradients, which were applied during the
ﬁrst TE
2
period. This leads to a rephasing of the transversal magnetization. The
longitudinal dephasing, however, is not recompensated. After the time TE
2
has passed,
the magnetization has precessed to form a stimulated echo. However, the magnitude of
this echo is only half of the magnitude of the magnetization which was originally rotated
onto the -y-axis by the ﬁrst 90◦ pulse, since at the time of the echo, the magnetization
is not longitudinally rephased.
J-coupling
As in the PRESS sequence, the presence of J-coupling leads to the formation of
multiplets. With the Hamiltonian for a system with three proton types, where all of
the proton types are coupled to each other
Hˆ = −ΩAIˆAzB0−ΩM IˆMzB0−ΩN IˆNzB0−2piJAM IˆAz IˆMz−2piJAN IˆAz IˆNz−2piJMN IˆMz IˆNz
(3.1)
one obtains values for the energy levels of
Spin state M Energy value
ααα +3
2
+ h¯
2
ΩA +
h¯
2
ΩM +
h¯
2
ΩN +
pih¯
2
JAM +
pih¯
2
JAN +
pih¯
2
JMN
αβα +1
2
+ h¯
2
ΩA − h¯2ΩM + h¯2ΩN − pih¯2 JAM + pih¯2 JAN − pih¯2 JMN
βαα +1
2
− h¯
2
ΩA +
h¯
2
ΩM +
h¯
2
ΩN − pih¯2 JAM − pih¯2 JAN + pih¯2 JMN
ββα -1
2
− h¯
2
ΩA − h¯2ΩM + h¯2ΩN + pih¯2 JAM − pih¯2 JAN − pih¯2 JMN
ααβ +1
2
+ h¯
2
ΩA +
h¯
2
ΩM − h¯2ΩN + pih¯2 JAM − pih¯2 JAN − pih¯2 JMN
αββ -1
2
+ h¯
2
ΩA − h¯2ΩM − h¯2ΩN − pih¯2 JAM − pih¯2 JAN + pih¯2 JMN
βαβ -1
2
− h¯
2
ΩA +
h¯
2
ΩM − h¯2ΩN − pih¯2 JAM + pih¯2 JAN − pih¯2 JMN
βββ -3
2
− h¯
2
ΩA − h¯2ΩM − h¯2ΩN + pih¯2 JAM + pih¯2 JAN + pih¯2 JMN
where M is
M =
3∑
i=1
mI,i (3.2)
Transitions between the energy levels lead to frequencies of
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Transition ∆M Frequency
ααα → αβα +1 +ΩM
2pi
+ 1
2
JAM +
1
2
JMN
ααα → βαα +1 +ΩA
2pi
+ 1
2
JAM +
1
2
JAN
ααα → ββα +2 ΩA
2pi
+ ΩM
2pi
+ 1
2
JAN +
1
2
JMN
ααα → ααβ +1 +ΩN
2pi
+ 1
2
JAN +
1
2
JMN
ααα → αββ +2 +ΩM
2pi
+ ΩN
2pi
+ 1
2
JAM +
1
2
JAN
ααα → βαβ +2 +ΩA
2pi
+ ΩN
2pi
+ 1
2
JAM +
1
2
JMN
ααα → βββ +3 +ΩA
2pi
+ ΩM
2pi
+ ΩN
2pi
αβα → βαα +0 +ΩA
2pi
− ΩM
2pi
+ 1
2
JAN − 12JMN
αβα → ββα +1 +ΩA
2pi
− 1
2
JAM +
1
2
JAN
αβα → ααβ +0 −ΩM
2pi
+ ΩN
2pi
− 1
2
JAM +
1
2
JAN
αβα → αββ +1 +ΩN
2pi
+ 1
2
JAN − 12JMN
αβα → βαβ +1 ( = +1 - 1 + 1) +ΩA
2pi
− ΩM
2pi
+ ΩN
2pi
αβα → βββ +2 +ΩA
2pi
+ ΩN
2pi
− 1
2
JAM − 12JMN
βαα → ββα +1 +ΩM
2pi
− 1
2
JAM +
1
2
JMN
βαα → ααβ +0 −ΩA
2pi
+ ΩN
2pi
− 1
2
JAM +
1
2
JMN
βαα → αββ +1 ( = -1 +1 +1) −ΩA
2pi
+ ΩM
2pi
+ ΩN
2pi
βαα → βαβ +1 +ΩN
2pi
− 1
2
JAN +
1
2
JMN
βαα → βββ +2 +ΩM
2pi
+ ΩN
2pi
− 1
2
JAM − 12JAN
ββα → ααβ +1 ( = +1 +1 -1) −ΩA
2pi
− ΩM
2pi
+ ΩN
2pi
ββα → αββ +0 −ΩA
2pi
+ ΩN
2pi
+ 1
2
JAM − 12JMN
ββα → βαβ +0 −ΩM
2pi
+ ΩN
2pi
+ 1
2
JAM − 12JAN
ββα → βββ +1 +ΩN
2pi
− 1
2
JAN − 12JMN
ααβ → αββ +1 +ΩM
2pi
+ 1
2
JAM − 12JMN
ααβ → βαβ +1 +ΩA
2pi
+ 1
2
JAM − 12JAN
ααβ → βββ +2 +ΩA
2pi
+ ΩM
2pi
− 1
2
JAN − 12JMN
αββ → βαβ +0 +ΩA
2pi
− ΩM
2pi
− 1
2
JAN +
1
2
JMN
αββ → βββ +1 +ΩA
2pi
− 1
2
JAM − 12JAN
βαβ → βββ +1 +ΩM
2pi
− 1
2
JAM − 12JMN
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These transitions can be seen in Figure 3.2.
ααα
βαα
αβα
ααβ
αββ
βαβ
ββα
βββ
Figure 3.2. Energy Levels and Transitions for a three-spin system in which all
three spins are coupled to each other. Zero-quantum transitions are
shown in teal, single-quantum in black, double-quantum in blue, and
triple-quantum in green.
The transitions can be grouped into frequencies centered around ΩA
2pi
, ΩM
2pi
, and ΩN
2pi
,
as well as the diﬀerence of two frequencies, the sum of two frequencies, and combina-
tions of three frequencies.
Transitions involving only one proton type are known as single-quantum transi-
tions and are seen in Figure 3.3. These transitions lead to:
Frequencies centered around +ΩA
2pi
with ∆M = +1
ααα→ βαα + ΩA
2pi
+
1
2
JAM +
1
2
JAN
αβα→ ββα + ΩA
2pi
− 1
2
JAM +
1
2
JAN (3.3)
ααβ → βαβ + ΩA
2pi
+
1
2
JAM − 1
2
JAN
αββ → βββ + ΩA
2pi
− 1
2
JAM − 1
2
JAN
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ααα
βαα
αβα
ααβ
αββ
βαβ
ββα
βββ
Figure 3.3. Single-Quantum Transitions take place when the magnetization of
type-one protons changes its state (solid lines), when the magnetization
of type-two protons changes its state (dotted lines), or when the magne-
tization of type three-protons changes its state (dashed lines).
Frequencies centered around +ΩM
2pi
with ∆M = +1
ααα→ αβα + ΩM
2pi
+
1
2
JAM +
1
2
JMN
βαα→ ββα + ΩM
2pi
− 1
2
JAM +
1
2
JMN (3.4)
ααβ → αββ + ΩM
2pi
+
1
2
JAM − 1
2
JMN
βαβ → βββ + ΩM
2pi
− 1
2
JAM − 1
2
JMN
Frequencies centered around +ΩN
2pi
with ∆M = +1
ααα→ ααβ + ΩN
2pi
+
1
2
JAN +
1
2
JMN
αβα→ αββ + ΩN
2pi
+
1
2
JAN − 1
2
JMN (3.5)
βαα→ βαβ + ΩN
2pi
− 1
2
JAN +
1
2
JMN
ββα→ βββ + ΩN
2pi
− 1
2
JAN − 1
2
JMN
Here it is seen that a double doublet is formed around each of the frequencies ΩA
2pi
,
ΩM
2pi
, and ΩN
2pi
.
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ααα
βαα
αβα
ααβ
αββ
βαβ
ββα
βββ
Figure 3.4. Zero- and Multi-Quantum Transitions take place when the magne-
tization of more than one proton type changes its state. These are in the
form of a zero-quantum transitions involving magnetization of protons
of type one and two (wide solid teal lines), magnetization of protons of
type one and three (narrow solid teal lines), or magnetization of protons
of type two and three (dashed teal lines); double-quantum transitions
involving magnetization of protons of type one and two (wide solid blue
lines), magnetization of protons of type one and three (narrow solid blue
lines), or magnetization of protons of type two and three (dashed blue
lines); or triple-quantum transitions or combinations of single- and triple-
quantum transitions (green lines).
Transitions involving more than one proton type are known as zero- or multi-
quantum transitions and are seen in Figure 3.4. These transitions lead to:
Frequencies centered around the diﬀerence of two frequencies with ∆M = 0
αβα→ βαα + ΩA
2pi
− ΩM
2pi
+
1
2
JAN − 1
2
JMN
αββ → βαβ + ΩA
2pi
− ΩM
2pi
− 1
2
JAN +
1
2
JMN
βαα→ ααβ − ΩA
2pi
+
ΩN
2pi
− 1
2
JAM +
1
2
JMN (3.6)
ββα→ αββ − ΩA
2pi
+
ΩN
2pi
+
1
2
JAM − 1
2
JMN
αβα→ ααβ − ΩM
2pi
+
ΩN
2pi
− 1
2
JAM +
1
2
JAN
ββα→ βαβ − ΩM
2pi
+
ΩN
2pi
+
1
2
JAM − 1
2
JAN
38 Chapter 3 Magnetization Evolution of J-Coupled Spins in 1 ...
Frequencies centered around the sum of two frequencies with ∆M = +2
ααα→ ββα + ΩA
2pi
+
ΩM
2pi
+
1
2
JAN +
1
2
JMN
ααβ → βββ + ΩA
2pi
+
ΩM
2pi
− 1
2
JAN − 1
2
JMN
ααα→ βαβ + ΩA
2pi
+
ΩN
2pi
+
1
2
JAM +
1
2
JMN (3.7)
αβα→ βββ + ΩA
2pi
+
ΩN
2pi
− 1
2
JAM − 1
2
JMN
ααα→ αββ + ΩM
2pi
+
ΩN
2pi
+
1
2
JAM +
1
2
JAN
βαα→ βββ + ΩM
2pi
+
ΩN
2pi
− 1
2
JAM − 1
2
JAN
Frequencies centered around a combination of three frequencies with ∆M = +3 or +1,
where ∆M = +1 is obtained from the combinations +1+1-1, +1-1+1, or -1+1+1.
ααα→ βββ + ΩA
2pi
+
ΩM
2pi
+
ΩN
2pi
αβα→ βαβ + ΩA
2pi
− ΩM
2pi
+
ΩN
2pi
(3.8)
βαα→ αββ − ΩA
2pi
+
ΩM
2pi
+
ΩN
2pi
ααβ → ββα + ΩA
2pi
+
ΩM
2pi
− ΩN
2pi
The frequencies deriving from transitions with M 6= 1 are not directly observable.
Zero-Quantum Evolution in the STEAM Sequence
Only the frequencies centered around a single frequency with ∆M = 1 (those
transitions from Equations 3.3, 3.4, and 3.5, which are shown in Figure 3.3) are directly
observable. These transitions are known as single-quantum transitions, since only the
magnetization of one type of proton is involved. Transitions involving magnetization
from two or three types of protons undergo zero- (∆M = 0), double- (∆M = 2), or
triple-quantum transitions (∆M = 3). These transitions are not directly observable.
Three additional transitions with ∆M = 1 also take place. These, however, are also
not observable, in spite of the fact that ∆M = 1. This is because the ∆M = 1 is
derived from one of the combinations +1+1-1, +1-1+1, or -1+1+1, meaning that the
magnetization of three types of protons is involved in this case.
The observability can also be thought of in terms of the coherence of the states.
This coherence is summarized in the density matrix, which is deﬁned as
ρˆ = |Ψ〉 〈Ψ| (3.9)
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or
ρˆ =
 〈α| ρˆ |α〉 〈α| ρˆ |β〉
〈β| ρˆ |α〉 〈β| ρˆ |β〉
 (3.10)
With
|Ψ〉 = cα |α〉+ cβ |β〉 〈Ψ| = c∗α 〈α|+ c∗β 〈β| (3.11)
one ﬁnds
ρˆ =
 cαc
∗
α cαc
∗
β
cβc∗α cβc
∗
β
 (3.12)
or for magnetization deriving from two types of protons
ρˆ =

cααc∗αα cααc
∗
αβ cααc
∗
βα cααc
∗
ββ
cαβc∗αα cαβc
∗
αβ cαβc
∗
βα cαβc
∗
ββ
cβαc∗αα cβαc
∗
αβ cβαc
∗
βα cβαc
∗
ββ
cββc∗αα cββc
∗
αβ cββc
∗
βα cββc
∗
ββ

(3.13)
which can be written as
ρˆ =

αα α+ +α ++
α− αβ +− +β
−α −+ βα β+
−− −β β− ββ

(3.14)
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For magnetization deriving from three types of protons, one ﬁnds
ρˆ =

ααα αα+ α+ α α++ +αα +α+ ++ α +++
αα− ααβ α +− α+ β +α− +αβ ++− ++ β
α− α α−+ αβα αβ+ +− α +−+ +βα αβ+
α−− α− β αβ− αββ +−− +− β +β− +ββ
−αα −α+ −+ α −++ βαα βα+ β + α β ++
−α− −αβ −+− −+ β βα− βαβ β +− β + β
−− α −−+ −βα −β+ β − α β −+ ββα ββ+
−−− −− β −β− −ββ β −− β − β ββ− βββ

(3.15)
Using this denotation, the order of the coherence can be determined by attributing a
coherence of +1 for each +, -1 for each -, and 0 for α or β, since these terms are
referred to as passive, as opposed to the active +s and -s. The coherences can
then be color-coded, using black for inactive terms, red for single-quantum coherences,
blue for zero-quantum coherences, yellow for double-quantum coherences, and green
for triple-quantum coherences.
ρˆ =

ααα αα+ α+ α α++ +αα +α+ ++ α +++
αα− ααβ α+− α+ β +α− +αβ ++− ++ β
α− α α−+ αβα αβ+ +− α +−+ +βα αβ+
α−− α− β αβ− αββ +−− +− β +β− +ββ
−αα −α+ −+ α −++ βαα βα+ β + α β ++
−α− −αβ −+− −+ β βα− βαβ β +− β + β
−− α −−+ −βα −β+ β − α β −+ ββα ββ+
−−− −− β −β− −ββ β −− β − β ββ− βββ

(3.16)
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Although, only single-quantum coherences are directly observable, other coher-
ences can be observed indirectly. In the case of the STEAM sequence, these are the
zero-quantum coherences, which are created when J-coupled protons are present. After
the application of the ﬁrst 90◦ pulse, the single-quantum coherences begin to precess,
and thus dephase. With the application of the second 90◦ pulse, some of the single-
quantum coherences are transformed into zero-quantum coherences. The spoiler gra-
dients that are implemented during TM dephase the coherences in proportion to their
coherence order. Thus single-quantum coherences are dephased linearly, and higher
order coherences according to their power. As the gradients have no eﬀect on the zero-
quantum coherences (ZQC), these are free to evolve during TM. The evolution of ZQC
is similar to that of SQC described by Equation 3.1. However, this equation must be
modiﬁed for ZQC. For a three-proton system, consisting of nuclei types A, M, and N,
all of which are coupled to one another one ﬁnds
Hˆz = −(Ω0,A−Ω0,M)IˆAz IˆMzB0 − (Ω0,A−Ω0,N)IˆAz IˆNzB0 (3.17)
−(Ω0,M−Ω0,N)IˆMz IˆNzB0 − 2piJAMZQ IˆAz IˆMz − 2piJANZQ IˆAz IˆNz − 2piJMNZQ IˆMz IˆNz
The JjkZQ-coupling constant is equal to the diﬀerence of the sum of all couplings
involving j and the sum of those involving k [10]. For the three spin system, this leads to
JAMZQ = JAM + JAN − JAM − JMN = JAN − JMN (3.18)
JANZQ = JAM + JAN − JAN − JMN = JAM − JMN (3.19)
JMNZQ = JAM + JMN − JAN − JMN = JAM − JAN (3.20)
This leads to a phase which is additional to the phase obtained in the ﬁrst TE
2
. The
application of the third 90◦ pulse reconverts the ZQC into observable single-quantum
coherences, which then continue to evolve according to Equation 3.1. If the second
TE
2
is of the same duration as the ﬁrst TE
2
, the dephasing which occurred during the
ﬁrst TE
2
is rephased. The phase accumulated during TM is, however, not rephased,
leaving a phase which is dependent on the length of TM. Superimposed on this phase
modulation is the intensity modulation of the J-coupling, which is determined by the
lengths of the ﬁrst and second TE
2
as well as the length of TM.
3.2 Magnetization Evolution in 2D Spectroscopy
As one-dimensional spectroscopy does not always suﬃce to distinguish all metabo-
lites, the idea of two-dimensional spectroscopy was introduced [21], in order to provide
a second metabolite identiﬁcation parameter. Using this additional parameter in com-
bination with the chemical shift, metabolites can be identiﬁed with much higher accu-
racy. In the case of STEZQC-2D this second parameter is the zero-quantum coherence
modulation frequency.
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3.2.1 The Creation of Two-dimensional Spectra
Two dimensional spectra encode for two variables along their two axes. An ex-
ample of how such a spectrum is formed is shown in Figure 3.5. In part (a) a series
of FIDs is shown, each of which was recorded with a diﬀerent time parameter ti for
a time tj. This modiﬁcation of the time parameter ti provides an additional indirect
time-axis. The FIDs are then are aligned in a certain manner and a Fourier transform
is performed along the direct time axis tj, to obtain a series of one-dimensional spectra
which are plotted over the chemical shift (F2 axis) (Figure 3.5(b)). Subsequently, a
second Fourier transform is performed along the indirect time axis, ti, providing the
two-dimensional spectrum. This provides a second axis, F1, along which such param-
eters like chemical shift and frequency are encoded. The intensity is encoded along a
third axis. The spectra can then be either displayed in a two- or three-dimensional
manner. In the three dimensional version, seen in Figure 3.5(c), the peaks are actually
seen along the third axis. In the two-dimensional version, seen in Figure 3.5(d), the
intensity of the peaks is illustrated in the form of contour lines.
Two-dimensional spectroscopy can be generally grouped into three diﬀerent cate-
gories, depending on the parameter that is encoded along the F1 axis. In correlation
spectroscopy, such as in COSY and TOSCY, the chemical shift is encoded along both
the F1 and F2 axes, and scalar-coupling between the protons is visualized, providing
additional information as to the protons which interact within a molecule. In sepa-
ration spectroscopy, it is not the chemical shift which is encoded along the F1 axis,
but rather another metabolite speciﬁc parameter, such as the J-coupling constant in
JPRESS. This form of spectroscopy is oriented towards identiﬁcation of metabolites via
the supplementation of the chemical shift information with an additional parameter,
as opposed to correlation spectroscopy, which is used to attain additional insight into
the molecular structure. Furthermore, a third type of two-dimensional spectroscopy
exists, where chemical exchange of protons is observed. An example of this type is the
NOESY sequence.
3.2.2 The STEZQC-2D Sequence
The STEZQC-2D sequence was introduced by Sotak [38] as a method to deter-
mine the ZQC modulation frequency. In this sequence, a series of spectra are recorded
for which the TM increases linearly with the number of the spectrum. Fourier transfor-
mation along the indirect time axis thus leads to the encoding of the ZQC modulation
frequency along the F1 axis. In such STEZQC-2D spectra, resonances of uncoupled
protons are visible at 0 Hz along the F1 axis. Additionally, coupled protons demon-
strate peaks at values other than zero, which correspond to their ZQC modulation
frequencies. Using these non-zero modulation frequencies along the F1 axis in combi-
nation with the chemical shift values of the F2 axis, coupled protons can be clearly
identiﬁed.
3.2 Magnetization Evolution in 2D Spectroscopy 43
FT
j
t [ms]
S(t
1
,t
2
)
(a)
chemical shift [ppm] = F2
chemical shift [ppm] = F2
ZQ
C
 m
od
ul
at
io
n
fr
eq
ue
nc
y 
[H
z]
ZQC
modulation
frequency
[Hz]
In
te
ns
ity
 [a
. u
.]
chemical shift [ppm] = F2
S(t
1
,f
2
)
(b)
= F1
= F1
(c) (d)
FT
i FT
i
S(f
1
,f
2
)
S(f
1
,f
2
)
Figure 3.5. Two-dimensional Spectra are created when two Fourier transforms are
performed on the recorded data. The ﬁrst Fourier transform converts the
FIDs (a) into spectra (b). The two-dimensional plots are created when a
second Fourier transform is performed along the indirect time axis. These
two-dimensional plots can then be represented in three dimensions (c) or
as two-dimensional plots (d), where the intensity is represented as color-
coded contour lines.
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Chapter 4
Glutamate and Glutamine and the
STEZQC-2D Sequence
Glutamate and glutamine play an important role in the energy household of verte-
brates. Although their concentrations are within the same range in vivo in the human
brain as other easily detectable metabolites in 1D MRS, other factors lead to the dif-
ﬁculty of their identiﬁcation at clinical ﬁeld strengths. Therefore, two-dimensional
spectroscopy is used to gain further knowledge about these metabolites.
4.1 The Role of Glutamate and Glutamine in the Brain
Although the brain comprises only 2% of the weight of the human brain, it ac-
counts for 20% of the energy used. Of this, approximately 80% is used for signal
processing via the glutamate-glutamine neurotransmitter cycle [29]. Glutamate and
glutamine are closely linked to glucose, GABA, and ATP in this cycle.
Glutamate is a neurotransmitter, which is discharged from the pre-synaptic end of
neurons during neuronal activity. It then enters the neuronal gap, where a portion of it
then reaches the post-synaptic end of the neuron, leading to signal transduction. The
portion of the glutamate, which does not reach the post-synaptic end of the neuron,
is channeled into neighboring astrocytes, via a sodium pump. Once within the astro-
cytes, glutamate is transformed to glutamine, a process which requires one molecule of
ATP. This ATP is provided by the glycolysis of glucose, a process in which glucose is
transformed to pyruvate which is further transformed to lactate. The transformation
of glucose to pyruvate yields two molecules of ATP, one of which is used for the trans-
formation of glutamate to glutamine. The newly formed glutamine is now transferred
to the pre-synaptic neuron, where it is transformed to glutamate, and the cycle begins
again (Figure 4.1). This compartmentalization of glutamate complicates its detection
in 1H MRS.
It should be noted, that GABA also comprises a signiﬁcant portion of the glutamate-
glutamine neurotransmitter cycle. GABA is also channeled into the astrocytes where
it is transformed to glutamate which is then converted to glutamine. This accounts for
10-20% of the glutamate-glutamine neurotransmitter cycle [37].
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K+
Na+
Glutamate
Glucose 2 Pyruvate 2 Lactate
2 ATP
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Glutamine
Glycolysis
Figure 4.1. Glutamate and Glutamine Neurotransmitter Cycle The neuro-
transmitter glutamate is discharged from the pre-synaptic neuron and
is taken up by the post-synaptic neuron. A portion of the glutamate
does not reach the post-synaptic neuron and is channeled into neighbor-
ing astrocytes where it is converted into glutamine. This glutamine is
transferred to the pre-synaptic neuron where it is converted back into
glutamate.
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4.2 1H Spectroscopy of Glutamate and Glutamine
Although the in vivo concentrations of glutamate and glutamine are similar to that
of commonly detected metabolites (Table 4.1), other factors complicate their detection
in 1D 1H MRS.
Metabolite In Vivo Concentration [mmol/kgww]
NAA 7.9 - 16.6 (average 10.3)
GABA 1.3 - 1.9
Choline (total) 0.9 - 2.5
Creatine 5.1 - 10.6
Glucose 1.0
Glutamate 6.0 - 12.5
Glutamine 3.0 - 5.8
Myo-inositol 3.8 - 8.1
Lactate 0.4
Tab. 4.1. In Vivo Metabolite Concentrations for metabolites of clinical in-
terest, which are commonly detected in 1H MRS in the human brain,
according to [14]
For the ppm range of 0 to 5 ppm, the detectable protons of both Glu and Gln can
be described via a ﬁve-spin AMNXY system (Figure 4.2).
Glutamate Glutamine
Figure 4.2. Glutamate and Glutamine Chemical Structure with their ﬁve de-
tectable protons: the 2CH in red, the 3CH2 in orange and yellow, and
the 4CH2 in blue and green.
The ﬁve detectable protons of both Glu and Gln are the 2CH (A), the two mag-
netically inequivalent 3CH2 (M and N), and the two magnetically inequivalent
4CH2
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(X and Y). The resonances of these protons are highly similar for the two metabolites
(Table 4.2), leading to strongly overlapping spectra (Figure 4.3). For this reason, they
are often grouped together to Glx.
Chemical group Chemical shift [ppm] Coupling constant [Hz]
Glutamate
2CH 3.7433 JAM 7.331
JAN 4.651
3CH2 2.0375 JMN -14.849
2.1200 JMX 6.413
JMY 8.406
JNX 8.478
JNY 6.875
4CH2 2.3378 JXY -15.915
2.352
Glutamine
2CH 3.7530 JAM 5.847
JAN 6.500
3CH2 2.1290 JMN -14.504
2.1090 JMX 9.165
JMY 6.347
JNX 6.324
JNY 9.209
4CH2 2.4320 JXY -15.317
2.4540
Tab. 4.2. Glutamate and Glutamine Chemical Shifts and J-coupling Con-
stants for the ﬁve observable protons in 1H MRS, according to [14]
Scalar-coupling of the ﬁve detectable protons of both Glu and Gln, causes their
resonances to be split into three multiplets. The 2CH couples to both of the 3CH2 to
form a double-doublet. The 3CH2 also couple to each other as well as to the
4CH2,
which also couple to each other (Figure 4.4). This leads to multiplets consisting of
sixteen and eight peaks for the 3CH2 and the
4CH2, respectively. Due to the limited
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resolution achievable on a 3 T whole-body tomograph, the number of peaks visible in
each of these multiplets is reduced when the spectra are recorded using such a system
(Figure 4.3).
Figure 4.3. Glutamate and Glutamine resonances from 2CH- (in red), 3CH2- (in
yellow), and 4CH2-multiplets (in blue) overlap strongly in 1D spectra.
The glutamate spectrum is shown in green and the glutamine spectrum
in blue. Spectra were recorded from 40 mmol model solutions on a 3 T
whole-body tomograph.
H
Figure 4.4. Glutamate Scalar-coupling. The 2CH (in red) couples with the 3CH2
(in yellow and orange). The 3CH2 couple with the
4CH2 (in green and
blue). The 3CH2 and the
4CH2 also couple among themselves.
In addition to the strong spectral overlap of the Glu and Gln signals, and their
resonances being split into multiplets, each peak of which then has a reduced intensity,
the metabolic turnover rate between the two compounds is quite high at (0.32 ±
0.05) µmol/min/g [36], preventing measurement of the metabolites while in a single
state. Furthermore, other metabolites such as NAA, glucose, myo-inositol, and GABA
resonate near Glu and Gln (Table 4.3).
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Metabolite Chemical Group Chemical Shift [ppm]
NAA (Acetyl moiety) 2CH3 2.0080
(Aspartate moiety) 2CH 4.3817
3CH2 2.6727
4.3823
NH 7.8205
GABA 2CH2 3.0128
3CH2 1.8890
4CH2 2.2840
Choline N(CH3)3 3.1850
1CH2 4.0540
2CH2 3.5010
Creatine N(CH3) 3.0270
2CH2 3.9130
NH 6.6490
Glucose (α-anomer)/(β-anomer) 1CH 5.216/4.630
2CH 3.519/3.230
3CH 3.698/3.473
4CH 3.395/3.387
5CH 3.822/3.450
6CH 3.826/3.882
′6CH 3.749/3.707
Myo-inositol 1CH 3.5217
2CH 4.0538
3CH 3.5217
4CH 3.6144
5CH 3.2690
6CH 3.6144
Lactate 2CH 4.0974
3CH3 1.3142
Tab. 4.3. Chemical Shifts for metabolites commonly detected in in vivo 1H MRS
in the human brain according to [14]
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It has been suggested that glutamate and glutamine spectra can be used to pro-
vide indications of Parkinson's disease [15][22], Rett syndrome [28], epilepsy, [31],
Alzheimer's disease [17], multiple sclerosis [39] and schizophrenia [43]. Therefore, many
attempts have been made to diﬀerentiate Glu and Gln in both one- and two-dimensional
spectroscopy. In one-dimensional spectroscopy, spectrally-selective refocusing has been
used [6] [8] as well as MQC ﬁlters [33] [42]. In two-dimensional spectra, both the chem-
ical shifts [26] [46] [25] [34] [41] and the J-coupling constants [40] [18] [30] have been
used along the indirect time axis. However when only the chemical shift axis is used for
identiﬁcation, as in one-dimensional spectroscopy or two-dimensional Constant Time
spectra, there is no guarantee that the Glu and Gln signals are not contaminated either
by each other, or by other signals, which resonate in the same spectral areas. The two-
dimensional experiments which use the J-coupling constant as a second identiﬁcation
parameter are much better in this regard, however, they have the drawback, that the
J-coupling constants are usually quite small, and thus are frequently lost in the noise
along the mid-line of the spectrum. Other experiments which have been reported are
not suitable for clinical applications either due to the high ﬁeld strengths at which
they were performed [44] [16], or due to the fact that they as of yet have only been
performed on rodents [5] [9].
The Stimulated Echo Zero-Quantum Coherence-2D (STEZQC-2D) sequence de-
veloped by Sotak in 1988 [38] is similar to the two-dimensional techniques, which encode
the J-coupling constant along the indirect time axis, in that it provides a second de-
tection parameter, which is unique for scalar-coupled metabolites. In the STEZQC-2D
sequence, it is the ZQC modulation frequency which is encoded along the F1 axis.
Unlike the J-coupling constants, the ZQC modulation frequencies are not located near
the mid-line of the spectrum, and thus the frequencies of interest do not lie in an area
of elevated noise.
For a ﬁeld strength of 3 T, the ZQC modulation frequencies for glutamate and
glutamine can be calculated from Table 4.2. The coupling constants can be calculated
using Equations 3.18 to 3.20. These values can be seen in Table 4.4.
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ZQC Modulation Frequency [Hz] Coupling Constant [Hz]
Glutamate
AM 209.8 4.681
AN 199.7 6.827
MN 31.365 2.146
MX 36.937 8.325
MY 38.684 7.935
NX 26.789 6.179
NY 28.536 5.789
XY 1.747 0.39
Glutamine
AM 202.2 5.492
AN 199.75 4.818
MN 2.46 0.674
MX 37.269 6.683
MY 39.975 6.67
NX 39.729 7.411
NY 42.435 7.344
XY 2.706 0.067
Tab. 4.4. Glutamate and Glutamine ZQC Modulation Frequencies and
Coupling Constants for a ﬁeld strength of 3 Tesla
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Chapter 5
Materials
All experiments were performed on a whole-body MR tomograph. Spectra were
obtained from model solutions as well as from healthy volunteers. These spectra were
analyzed using software that is commercially available. For the programming of the
acquisition sequences, software supplied by the tomograph manufacturer was used. A
program was written that allowed the theoretical evaluation of the spin system.
5.1 Hardware
All measurements were performed on a Magnetom TIM TRIO whole-body tomo-
graph (Siemens Medical Solutions, Erlangen, Germany) located at the German Cancer
Research Center (DKFZ) in Heidelberg, Germany. The main magnetic ﬁeld of the to-
mograph has a strength of 3 T, which is obtained using superconducting helium-cooled
magnets. Additionally there are three orthogonal gradient coils, which allow for spatial
localization, and a set of shim coils, which are used to improve homogeneity in the area
of the signal acquisition. The body coil was used for excitation of the protons and a
twelve-channel head coil matrix for detection of the echo signals. The head coil matrix
was run in the circularly polarized mode, in which the signals from the twelve channels
are combined to yield four signals, each of which results from three coils.
For the preparation of the model solutions, a scale (Ohaus Corporation, Pine
Brook, NJ, USA), a pH meter (Hanna Instruments Inc., Woonsocket, RI, USA), and a
heating/stirring plate (Bibby Scientiﬁc Limited, Staﬀordshire, United Kingdom) with
magnetic stirring rods were used. Model solutions contained N-acetyl aspartate, choline
chloride, creatine hydrate, myo-inositol, lithium lactate, L-glutamic acid, potassium
phosphate, sodium hydroxide, sodium azide (all from Fluka Chemical Corporation,
Milwaukee, WI, USA), magnevist (Schering GmbH und Co. Produktions KG, Weimar,
Germany), distilled water (DKFZ in-house supplies), phosphate buﬀered saline (PBS)
(Biozol Diagnostica Vertrieb GmbH, Eching, Germany), and 0.1N and 1N sodium
hydroxide (DURATEC GmbH, Hockenheim, Germany). Additionally, L-glutamic acid
and glutamine from Sigma-Aldrich Corporation (St. Louis, MO, USA) were used.
Other than the brain model solution, all model solutions were prepared in 250 ml
LDPE narrow-mouthed bottles (neolab GmbH, Heidelberg, Germany)
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5.2 Model Solutions and Volunteers
The model solutions were composed as follows:
Water Model Solution
Substance Concentration in mM Notes
distilled water 250 ml
Glutamate Model Solutions
Substance Concentration in mM Notes
L-glutamic acid 40 Sigma-Aldrich Corporation
distilled water
or
PBS 250 ml
in some solutions 0.1 or 1 M NaOH
was added to adjust pH
Glutamine Model Solutions
Substance Concentration in mM Notes
glutamine 40
distilled water
or
PBS 250 ml
in some solutions 0.1 or 1 M NaOH
was added to adjust pH
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Glx Model Solutions
Substance Concentration in mM Notes
L-glutamic acid 20 Sigma-Aldrich Corporation
glutamine 20
distilled water
or
PBS 250 ml
in some solutions 0.1 or 1 M
NaOH was added to adjust pH
Brain Model Solution
Substance Concentration in mM Notes
N-acetyl aspartate 12.5
choline chloride 3
creatine hydrate 10
myo-inositol 7.5
lithium lactate 5
L-glutamic acid 12.5 Fluka Chemical Corporation
potassium phosphate 50
sodium hydroxide 56
sodium azide 2.00 ml
magnevist 2.00 ml
distilled water 2.0 l
After the studies on the model solutions, measurements were carried out on
healthy volunteers between the ages of 27 and 38 years (mean age 28.6 years), who
had provided informed written consent.
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5.3 Software
The theoretical calculations using the product operator formalism were programmed
in Microsoft Visual C++ 6.0 (Microsoft Corporation, Redmond, WA,USA). Sequence
development for use on the TIM TRIO system was performed using the Siemens
Integrated Development Environment for Applications (IDEA) software provided by
Siemens (Siemens Medical Solutions, Erlangen, Germany). Data was evaluated with
JMURI (EU Project 'Advanced Signal-Processing for Ultra-Fast Magnetic Resonance
Spectroscopic Imagic, and Training'), Matlab (The MathWorks Inc, Natick, MA, USA),
and Origin (OriginLab Corporation, Northampton, MA, USA).
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Chapter 6
Methods
Theoretical calculations were performed using the Product Operator Formalism
to predict the outcome of a simpliﬁed three proton system with coupling between all
protons. Measurements were carried out on glutamate, glutamine, Glx, and brain
model solutions according to the Nyquist sampling theorem. In order to reduce the
acquisition time, undersampling was implemented. As this leads to frequency aliasing,
it was proposed to use Fourier shifting to conﬁrm the aliased frequencies. Using model
solutions, it was shown that this is successful, and this method was then applied to
in vivo measurements. In an additional attempt to separate glutamate from glutamine
and vice versa, optimal combinations of TE1 and TE2 were examined, which allow for
the detection of only one of the metabolites while in the presence of the other.
6.1 Theoretical Evaluation of the ZQC of the 2CH using the
Product Operator Formalism
The theoretical evolution of the observable Glu and Gln resonances was evaluated
according to the product operator formalism. This method of approximation is based
on the following operators for the magnetization states and eﬀects of disturbances to
the system. For a two spin system, the possible magnetization states are:
z-magnetization on spin one Iˆ1z
z-magnetization on spin two Iˆ2z
in-phase x- and y-magnetization on spin one Iˆ1x Iˆ1y
in-phase x- and y-magnetization on spin two Iˆ2x Iˆ2y (6.1)
non-equilibrium population 2Iˆ1z Iˆ2z
anti-phase x- and y-magnetization on spin one 2Iˆ1xIˆ2z 2Iˆ1y Iˆ2z
anti-phase x- and y-magnetization on spin two 2Iˆ1z Iˆ2x 2Iˆ1z Iˆ2y
zero- or multiple-quantum coherence 2Iˆ1xIˆ2x 2Iˆ1y Iˆ2y 2Iˆ1xIˆ2y 2Iˆ1y Iˆ2x
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The eﬀect of pulses about the +x axis can be summarized as:
+Iˆ1x
φIˆx→ +Iˆ1x
-Iˆ1x
φIˆx→ -Iˆ1x
+Iˆ1y
φIˆx→ +cos(φ)Iˆ1y + sin(φ)Iˆ1z (6.2)
-Iˆ1y
φIˆx→ -cos(φ)Iˆ1y - sin(φ)Iˆ1z
+Iˆ1z
φIˆx→ +cos(φ)Iˆ1z - sin(φ)Iˆ1y
-Iˆ1z
φIˆx→ -cos(φ)Iˆ1z + sin(φ)Iˆ1y
From the ﬁrst two equations it can be seen that the eﬀect of a pulse about the +x
axis has no eﬀect on magnetization of the type Iˆ1x, and from following equations, it
is seen that 90◦ pulses about the +x axis convert magnetization along the y-axis to
magnetization along the z-axis and vice versa.
Chemical shift evolution can be summarized as:
+Iˆ1x
Ω1tIˆ1z→ +cos(Ω1t)Iˆ1x + sin(Ω1t)Iˆ1y
-Iˆ1x
Ω1tIˆ1z→ -cos(Ω1t)Iˆ1x - sin(Ω1t)Iˆ1y
+Iˆ1y
Ω1tIˆ1z→ +cos(Ω1t)Iˆ1y - sin(Ω1t)Iˆ1x (6.3)
-Iˆ1y
Ω1tIˆ1z→ -cos(Ω1t)Iˆ1y + sin(Ω1t)Iˆ1x
+Iˆ1z
Ω1tIˆ1z→ +Iˆ1z
-Iˆ1z
Ω1tIˆ1z→ -Iˆ1z
When scalar-coupled protons are present, the eﬀect of coupling must also be taken
into consideration.
+Iˆ1x
2piJ12tIˆ1z Iˆ2z→ +cos(piJ12t)Iˆ1x + sin(piJ12t)Iˆ1y Iˆ2z
-Iˆ1x
2piJ12tIˆ1z Iˆ2z→ +cos(piJ12t)Iˆ1y - sin(piJ12t)Iˆ1y Iˆ2z
+Iˆ1xIˆ2z
2piJ12tIˆ1z Iˆ2z→ +cos(piJ12t)Iˆ1xIˆ2z + sin(piJ12t)Iˆ1y
-Iˆ1xIˆ2z
2piJ12tIˆ1z Iˆ2z→ -cos(piJ12t)Iˆ1xIˆ2z - sin(piJ12t)Iˆ1y (6.4)
+Iˆ1y
2piJ12tIˆ1z Iˆ2z→ +cos(piJ12t)Iˆ1y - sin(piJ12t)Iˆ1xIˆ2z
-Iˆ1y
2piJ12tIˆ1z Iˆ2z→ -cos(piJ12t)Iˆ1y + sin(piJ12t)Iˆ1xIˆ2z
+Iˆ1y Iˆ2z
2piJ12tIˆ1z Iˆ2z→ +cos(piJ12t)Iˆ1y Iˆ2z - sin(piJ12t)Iˆ1x
-Iˆ1y Iˆ2z
2piJ12tIˆ1z Iˆ2z→ -cos(piJ12t)Iˆ1y Iˆ2z + sin(piJ12t)Iˆ1x
For zero- and multiple quantum coherences, the chemical shift and scalar-coupling
evolutions must be modiﬁed. For zero-quantum coherences Ω1 must be replaced by
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Ω1−Ω2 and Jjk must be replaced by JjkZQ , which is equal to the diﬀerence of the sum
of all couplings involving j and the sum of those involving k.
For theoretical calculations, both Glu and Gln were assumed to be ﬁve spin sys-
tems consisting of the spins A (2CH), M and N (3CH2), and X and Y (
4CH2), where
coupling exists between A and M, A and N, M and N, M and X, M and Y, N and X, N
and Y, and X and Y. This leads to three sub-systems, the ﬁrst of which contains the
spins A, M, and N; the second of which the spins A, M, N, X, and Y; and the third of
which the spins M, N, X, and Y. A program was written to examine the ﬁrst of these
three sub-systems via the product operator formalism.
The initial state of the magnetization is:
+1IAz
+1IMz (6.5)
+1INz
Application of the ﬁrst 90◦ pulse φ leads to:
+1IAzcos(φ)
+1IMzcos(φ)
+1INzcos(φ) (6.6)
-1IAysin(φ)
-1IMysin(φ)
-1INysin(φ)
If one assumes the pulse to be exactly 90◦, then this simpliﬁes to:
-1IAy
-1IMy (6.7)
-1INy
The magnetization, which is now in the transversal plane begins to precess about
the z-axis, leading to:
-1IAycos(ΩATE1)
-1IMycos(ΩMTE1)
-1INycos(ΩNTE1) (6.8)
+1IAxsin(ΩATE1)
+1IMxsin(ΩMTE1)
+1INxsin(ΩNTE1)
Additionally, the spins couple among themselves. First the coupling between spins
A and M is considered. (Aside from pulses, the order of the application of the evolution
steps does not play any role. The eﬀect of the coupling can be considered before the
eﬀect of the chemical shift without any change in the ﬁnal outcome.) This leads to:
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-1IAycos(ΩATE1)cos(piJAMTE1)
-1IMycos(ΩMTE1)cos(piJAMTE1)
-1INycos(ΩNTE1)
+1IAxsin(ΩATE1)cos(piJAMTE1)
+1IMxsin(ΩMTE1)cos(piJAMTE1) (6.9)
+1INxsin(ΩNTE1)
+2IAxIMzcos(ΩATE1)sin(piJAMTE1)
+2IMxIAzcos(ΩMTE1)sin(piJAMTE1)
+2IAyIMzsin(ΩATE1)sin(piJAMTE1)
+2IMyIAzsin(ΩMTE1)sin(piJAMTE1)
The scalar-coupling between spins A and N and spins M and N is analogous, lead-
ing to:
-1IAycos(ΩATE1)cos(piJAMTE1)cos(piJANTE1)
-1IMycos(ΩMTE1)cos(piJAMTE1)cos(piJMNTE1)
-1INycos(ΩNTE1)cos(piJANTE1)cos(piJMNTE1)
+1IAxsin(ΩATE1)cos(piJAMTE1)cos(piJANTE1)
+1IMxsin(ΩMTE1)cos(piJAMTE1)cos(piJMNTE1)
+1INxsin(ΩNTE1)cos(piJANTE1)cos(piJMNTE1)
+2IAxIMzcos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)
+2IMxIAzcos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)
+2IAyIMzsin(ΩATE1)sin(piJAMTE1)cos(piJANTE1)
+2IMyIAzsin(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)
+2IAxINzcos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)
+2INxIAzcos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1) (6.10)
+2IAyINzsin(ΩATE1)cos(piJAMTE1)sin(piJANTE1)
+2INyIAzsin(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)
+4IAyIMzINzcos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)
-4IAxIMzINzsin(ΩATE1)sin(piJAMTE1)sin(piJANTE1)
+2IMxINzcos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)
+2INxIMzcos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)
+2IMyINzsin(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)
+2INyIMzsin(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)
+4IMyIAzINzcos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)
-4IMxIAzINzsin(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)
+4INyIAzIMzcos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)
-4INxIAzIMzsin(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)
The second 90◦ pulse is then applied which leaves in-phase magnetization as in-
phase magnetization, but converts anti-phase magnetization into multiple-quantum
coherences. If it is again assumed that this pulse is exactly 90◦, then the magnetiza-
tion state after this pulse is given by:
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+1IAxsin(ΩATE1)cos(piJAMTE1)cos(piJANTE1)
+1IMxsin(ΩMTE1)cos(piJAMTE1)cos(piJMNTE1)
+1INxsin(ΩNTE1)cos(piJANTE1)cos(piJMNTE1)
-1IAzcos(ΩATE1)cos(piJAMTE1)cos(piJANTE1)
-1IMzcos(ΩMTE1)cos(piJAMTE1)cos(piJMNTE1)
-1INzcos(ΩNTE1)cos(piJANTE1)cos(piJMNTE1)
-2IAxIMycos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)
-2IMxIAycos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)
-2IAxINycos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)
-2INxIAycos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)
-2IMxINycos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)
-2INxIMycos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1) (6.11)
-2IAzIMysin(ΩATE1)sin(piJAMTE1)cos(piJANTE1)
-2IMzIAysin(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)
-2IAzINysin(ΩATE1)cos(piJAMTE1)sin(piJANTE1)
-2INzIAysin(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)
-2IMzINysin(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)
-2INzIMysin(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)
-4IAxIMyINysin(ΩATE1)sin(piJAMTE1)sin(piJANTE1)
-4IMxIAyINysin(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)
-4INxIAyIMysin(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)
+4IAzIMyINycos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)
+4IMzIAyINycos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)
+4INzIAyIMycos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)
At this point, spoiler gradients are applied which dephase all coherences other
than zero-quantum coherences. This eliminates the single and triple coherences, lead-
ing to:
-2IAxIMycos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)(0.5)
-2IMxIAycos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)(0.5)
-2IAxINycos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)(0.5)
-2INxIAycos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)(0.5)
-2IMxINycos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)(0.5) (6.12)
-2INxIMycos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)(0.5)
+4IAzIMyINycos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)(0.5)
+4IMzIAyINycos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)(0.5)
+4INzIAyIMycos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)(0.5)
The remaining coherences can be either of the form zero or double. To determine
which of the two they are, their precession must be considered. Once this is done, the
following eighteen zero-quantum coherences are found:
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+2IAxIMycos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)(0.5)cos((ΩA-ΩM)TM)
+2IAyIMxcos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)(0.5)cos((ΩA-ΩM)TM)
+2IAxINycos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩA-ΩN)TM)
+2IAyINxcos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)(0.5)cos((ΩA-ΩN)TM)
+2IMxINycos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)(0.5)cos((ΩM -ΩN)TM)
+2IMyINxcos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)(0.5)cos((ΩM -ΩN)TM)
+4IMyINyIAzcos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩM -ΩN)TM)
+4IAyINyIMzcos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)(0.5)cos((ΩA-ΩN)TM)
+4IAyIMyINzcos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)(0.5)cos((ΩA-ΩM)TM) (6.13)
+2IAyIMxcos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)(0.5)sin((ΩA-ΩM)TM)
+2IAxIMycos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)(0.5)sin((ΩA-ΩM)TM)
+2IAyINxcos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)(0.5)sin((ΩA-ΩN)TM)
+2IAxINycos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)(0.5)sin((ΩA-ΩN)TM)
+2IMyINxcos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)(0.5)sin((ΩM -ΩN)TM)
+2IMxINycos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)(0.5)sin((ΩM -ΩN)TM)
+4IMxINxIAzcos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)(0.5)sin((ΩM -ΩN)TM)
+4IAxINxIMzcos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)(0.5)sin((ΩA-ΩN)TM)
+4IAxIMxINzcos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)(0.5)sin((ΩA-ΩM)TM)
The ZQC J-couple according to Equations 3.18 to 3.20. The 90◦ pulse (once again
assumed to be exactly 90◦) converts them back into observable SQC, which then evolve
according to Equation 3.1 until the time of acquisition. Not all of the SQC are observ-
able, only those which are in-phase in the transversal plane. At the time of acquisition
in the STEAM sequence, there are 18 observable terms for the 2CH magnetization.
These are:
(6.14)
+2IAycos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)(0.5)cos((ΩA-ΩM)TM)cos(piJZQAMNTM)
cos(ΩATE2)sin(piJAMTE2)cos(piJANTE2)
+2IAycos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩA-ΩN)TM)cos(piJZQANMTM)
cos(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
+2IAycos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)(0.5)sin((ΩA-ΩM)TM)cos(piJZQAMNTM)
cos(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
+2IAycos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)(0.5)sin((ΩA-ΩN)TM)cos(piJZQANMTM)
cos(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
+2IAycos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)(0.5)cos((ΩA-ΩM)TM)sin(piJZQAMNTM)
cos(ΩATE2)sin(piJAMTE2)cos(piJANTE2)
+2IAycos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)(0.5)cos((ΩA-ΩN)TM)sin(piJZQANMTM)
cos(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
+4IAycos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩM -ΩN)TM)cos(piJZQMNATM)
cos(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
-4IAycos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)(0.5)cos((ΩM -ΩN)TM)sin(piJZQMNATM)
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cos(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
-4IAycos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)(0.5)sin((ΩM -ΩN)TM)sin(piJZQMNATM)
cos(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
-2IAxcos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)(0.5)cos((ΩA-ΩM)TM)cos(piJZQAMNTM)
sin(ΩATE2)sin(piJAMTE2)cos(piJANTE2)
-2IAxcos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩA-ΩN)TM)cos(piJZQANMTM)
sin(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
-2IAxcos(ΩMTE1)sin(piJAMTE1)cos(piJMNTE1)(0.5)sin((ΩA-ΩM)TM)cos(piJZQAMNTM)
sin(ΩATE2)sin(piJAMTE2)cos(piJANTE2)
-2IAxcos(ΩNTE1)sin(piJANTE1)cos(piJMNTE1)(0.5)sin((ΩA-ΩN)TM)cos(piJZQANMTM)
sin(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
-2IAxcos(ΩNTE1)sin(piJANTE1)sin(piJMNTE1)(0.5)cos((ΩA-ΩM)TM)sin(piJZQAMNTM)
sin(ΩATE2)sin(piJAMTE2)cos(piJANTE2)
-2IAxcos(ΩMTE1)sin(piJAMTE1)sin(piJMNTE1)(0.5)cos((ΩA-ΩN)TM)sin(piJZQANMTM)
sin(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
-4IAxcos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩM -ΩN)TM)cos(piJZQMNATM)
sin(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
+4IAxcos(ΩMTE1)cos(piJAMTE1)sin(piJMNTE1)(0.5)cos((ΩM -ΩN)TM)sin(piJZQMNATM)
sin(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
+4IAxcos(ΩNTE1)cos(piJANTE1)sin(piJMNTE1)(0.5)sin((ΩM -ΩN)TM)sin(piJZQMNATM)
sin(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
Here it is seen that magnetization which begins on M or N protons can be trans-
ferred to A protons leading to a signal at the 2CH triplet. However, in this theoretical
approximation, only the spoiler gradients during TM were taken into consideration. If
one now considers the eﬀect of the dephasing and rephasing gradients which take place
during the ﬁrst and second TE
2
, one sees that only three terms are truly observed at
the time of the echo, since only magnetization which was originally on A-protons is
observed for A-protons. These are:
(6.15)
+2IAycos(ΩATE1)sin(piJAMTE1)cos(piJANTE1)(0.5)cos((ΩA-ΩM)TM)cos(piJZQAMNTM)
cos(ΩATE2)sin(piJAMTE2)cos(piJANTE2)
+2IAycos(ΩATE1)cos(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩA-ΩN)TM)cos(piJZQANMTM)
cos(ΩATE2)cos(piJAMTE2)sin(piJANTE2)
+4IAycos(ΩATE1)sin(piJAMTE1)sin(piJANTE1)(0.5)cos((ΩM -ΩN)TM)cos(piJZQMNATM)
cos(ΩATE2)sin(piJAMTE2)sin(piJANTE2)
Six frequencies are observable along the F1 axis in the STEZQC-2D spectrum.
Using
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cos(α)cos(β) = 1
2
[cos(α−β)+ cos(α+β)] (6.16)
these frequencies are found to be
ΩA − ΩM -JZQAMN
ΩA − ΩM+JZQAMN
ΩA − ΩN -JZQANM (6.17)
ΩA − ΩN+JZQANM
ΩM − ΩN -JZQMNA
ΩM − ΩN+JZQMNA
At 3 T and using the values from Table 4.4, the ZQCAM and ZQCAN frequencies of
glutamate are found to be:
214.481 Hz
205.119 Hz (6.18)
206.527 Hz
192.873 Hz
and for glutamine to be:
207.692 Hz
204.568 Hz (6.19)
196.709 Hz
194.932 Hz
The chemical shifts of these resonances can be found by considering the evolution dur-
ing TE1 and TE2 and applying
sin(α)cos(β)cos(γ) =
1
4
[sin(α+ β − γ)− sin(β + γ − α) + sin(α+ γ − β) + sin(α+ β + γ)] (6.20)
leading to:
ΩA + JAM − JAN
ΩA − JAM + JAN (6.21)
−ΩA + JAM + JAN
ΩA + JAM + JAN
This leads to chemical shifts for glutamate of:
3.841 ppm
3.765 ppm (6.22)
3.722 ppm
3.646 ppm
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and for glutamine:
3.853 ppm
3.758 ppm (6.23)
3.748 ppm
3.653 ppm
6.2 In Vitro Measurements varying TM
In vitro measurements were performed using the STEZQC-2D sequence in accor-
dance with the Nyquist sampling theorem. As the acquisition time of these spectra
was too long for in vivo applications, an undersampling technique was proposed which
was ﬁrst tested on the model solutions.
6.2.1 According to the Nyquist Theorem
The STEZQC-2D sequence was performed on the individual model solutions of
Glu and Gln to determine their ZQC modulation frequencies and ZQC scalar-coupling
constants. In all measurements, the voxel size (VOI) was set to 20x20x20 mm3 and the
vectorsize (VS) to 1024. A 12-channel head matrix coil, which was run in the circularly
polarized (CP) mode, was used. As the ZQC modulation periods of Glu and Gln range
from 4.7 to 5.2 ms, the Nyquist theorem sets the highest limit for ∆TM to 2.35 ms.
Since the modulation frequency bandwidth is the reciprocal of the TM increment,
BWF1 =
1
∆TM
(6.24)
when a ∆TM of 2 ms is used, the bandwidth along the F1 axis is 500 Hz.
The resolution along the F1 axis (F1Res) is given by
F1Res =
1
∆TM ·N (6.25)
where N is the number of recorded spectra. Using a ∆TM of 2 ms, 148 spectra with
increasing TM must be recorded in order to achieve the 3.4 Hz resolution necessary to
distinguish the 214.5 Hz ZQC modulation frequency of Glu from the 207.7 Hz ZQC
modulation frequency of glutamine. After the ZQC modulation frequencies of Glu
and Gln had been recorded, measurements on the Glx model solution were performed
to determine if Glu could be distinguished from Gln when in a common solution.
Furthermore, a model solution with common brain metabolites was measured in order
to determine if Glu could be distinguished when at in vivo concentrations and in the
presence of metabolites other than Gln.
The acquisition times (TA) of such spectra are extended. For example, for the
148 individual spectra necessary to obtain a 3.4 Hz resolution along F1, an acquisition
time of 4 hours and 11 minutes results when a repetition time (TR) of 1500 ms, 64
averages (NEX), and four prescans before the ﬁrst spectrum only are used. For a 1 Hz
resolution along F1, assuming the same parameters, with the exception of a TR of
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2150 ms, which is necessary to accommodate for the longer TM times, the TA would
be over 19 hours. Aside from the instability of the system over such extended periods,
it must be taken into consideration, that the signal decay at such long TM times is
signiﬁcant.
6.2.2 Undersampling and Fourier Shift
Although such acquisition times as 4 hours and 11 minutes are feasible for in vitro
studies, such times as 19 hours are not. Furthermore, such TAs limit studies to in vitro
only. To decrease the acquisition time, undersampling was proposed. The problem
that arises when the F1 bandwidth is undersampled, however, is that the frequencies
of interest alias back into the measured bandwidth and can possibly overlap with non-
undersampled measured peaks. Therefore the Fourier shift theory was used to conﬁrm
the frequencies of these aliased peaks. With a Fourier shift, it is possible to create an
oﬀset to the measured frequencies. This oﬀset is accomplished by artiﬁcially altering
the modulation frequency of the ZQC, which is achieved by multiplying each of the
individual spectra with a phase, the value of which linearly increases with increasing
TM values. A phase shift of 360◦ which is accumulated during one entire series of
measurements leads to a shift of one line in frequency-space.
∆k = ϕ
2pi
(6.26)
where ϕ is the total acquired phase and k is the number of lines in frequency-space.
From Equation 6.26, it is clear, that to shift the modulation frequency by greater
amounts, the total amount of phase acquired during a measurement series must be
increased. Two-dimensional spectra were recorded from a Glx model solution to test
this theory.
6.3 In Vivo
Once the practicality of the undersampling and Fourier shifting method was es-
tablished, it was applied in vivo. Measurements were performed on healthy volunteers,
who provided informed written consent. For in vivo measurements, a minimum of 128
averages per spectra must be recorded to obtain signiﬁcant signal-to-noise. In order to
reduce the TA, a ∆TM of 8 ms was chosen and 32 individual spectra were recorded,
resulting in a TA of 1 hour and 42 minutes. If it were not for the necessary morphol-
ogy measurements that accompany the spectroscopic measurement, this would be an
acceptable TA, however, when the total time of the patient in the tomograph is con-
sidered, 1 hour and 42 minutes for the spectroscopy alone, is still too long. Therefore,
the bandwidth was set to 1240 Hz and the vectorsize to 512, which allowed TR to
be decreased to 970 ms, leading to an acquisition time of 1 hour and 8 minutes. To
increase the signal-to-noise ratio (SNR), the VOI, which was placed in the temporal
lobe, was increased to 30x30x30 mm3.
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6.4 In Vitro Measurements with Optimal Combinations of TE1
and TE2
Furthermore, the ideal TE1 times were determined for the Glu and Gln ZQC mod-
ulation frequencies. Two-dimensional spectra were recorded with eight TM increments
of 1 ms for various combinations of TE1 and TE2 from individual Glu and Gln model
solutions. For each of these spectra, the intensity of the ZQC modulation frequency
was determined. It was proposed that combinations of TE1 and TE2 could be found
for which the intensity of the ZQC modulation frequency of Glu was at a maximum
and that of Gln was at a minimum and vice versa. This would allow even faster detec-
tion of either Glu or Gln. However, there would be minimal contamination from the
undesired metabolite and only one metabolite could be detected at a time, unlike with
the standard STEZQC-2D method.
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Chapter 7
Results
The feasibility of the STEZQC-2D sequence was tested on a glutamate model
solution. Due to unexplainable signals found here, a water sample was measured to
conclude if these were artifacts. Once this was established and all signals could be
accounted for, individual glutamate and glutamine model solutions were measured to
determine their zero-quantum coherence (ZQC) modulation frequencies. Then gluta-
mate was measured in combination with glutamine as well as with other brain metabo-
lites commonly observed in 1H MRS. Due to the extended acquisition times necessary
for such measurements, an undersampling technique was proposed, which was tested
in vitro. As this was successful, this method was then applied to healthy volunteers. In
an additional attempt to diﬀerentiate glutamate from glutamine, an extended version
of the STEZQC-2D method was applied, where TE was optimized for the detection of
either glutamate or glutamine.
7.1 Water Model
The STEZQC-2D spectra can be explained using the example of the STEZQC-2D
spectrum of a water model seen in Figure 7.1. The chemical shift is encoded along the
F2 (horizontal) axis, and the ZQC modulation frequency along the F1 (vertical) axis.
The intensity of the signals is shown with color-coded contour lines. In Figure 7.1(a),
signal is seen in three diﬀerent areas. First there is the signal at 0 Hz along the
F1 axis. This results from the Fourier transformation of the baseline of the individual
spectra. Secondly, there is a signal at 4.7 ppm along the F2 axis. This results from
the Fourier transform of the water peak in the individual spectra. In spite of the fact
that non-J-coupled metabolites (and water) should yield no signal along the F1 axis
at values other than zero, it is found that they do, and that these signals are in the
form of streaks, at the chemical shift of the metabolite, which cover all F1 values. This
indicates incomplete dephasing during the TM increment. Thirdly, there are signals
along the diagonals in the spectrum. If the F2 axis is encoded in Hz, with 0 Hz being
the carrier frequency (Figure 7.2(b)), it is seen that the signals along the diagonals
form a 45◦ angle with both the F1 and F2 axes. In other words, the frequency along
the F1 axis corresponds to the frequency deviation from the carrier frequency. Why
these signals occur, is however, unclear.
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F1
F2
(a) (b)
Figure 7.1. STEZQC-2D Water Model Spectrum with signal at 0 Hz along the
F1 axis, at 4.7 ppm along the F2 axis (a), and along the 45◦ diagonal
(b). Intensity (arbitrary units) is color-coded.
7.2 Individual Glutamate and Glutamine Model Solutions
The STEZQC-2D spectra of individual glutamate and glutamine solutions were
recorded. The recorded ZQC values were compared with those which were predicted
using the product operator formalism. Comparing the ZQC frequencies for glutamate
and glutamine, it was decided to use those of the 2CH to distinguish glutamate from
glutamine.
7.2.1 Glutamate Model Solutions
ZQC modulation frequencies for the 2CH of glutamate are expected at
214.481 Hz (from AM)
205.119 Hz (from AM)
206.527 Hz (from AN)
192.873 Hz (from AN) (7.1)
37.803 Hz (from MN)
33.511 Hz (from MN)
29.219 Hz (from MN)
24.972 Hz (from MN)
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In measurements of glutamate model solutions two ZQC modulation frequencies
were always detected for the ZQCAM and ZQCAN . The third and fourth modulation
frequencies were of much leaser intensity than the main two. As glutamate demon-
strates a double doublet for the 2CH-nuclei, four peaks for each ZQC should be visible
along the F2 axis. However, with the resolution that is reached along the F2 axis at
3 T on a whole-body tomograph, the middle two peaks of the double doublet cannot
be distinguished, leading to a triplet, the outer two peaks of which demonstrate ZQC
modulation. (In vitromeasurements at 500 MHz demonstrate this double doublet [13].)
Therefore, ﬁnally four peaks are visible for the 2CH-nuclei, two for each of the outer
peaks of the 2CH-triplet. The 2CH-ZQC frequencies (red boxes) in the spectra shown
in Figure 7.2 were located at 203, 203, 210, and 210 ± 3.9 Hz in spectrum (a); 203,
203, 211, and 211 ± 1.95 Hz in spectrum (b); 203, 203, 212 and 212 ± 0.977 Hz in
spectrum (c); and 203.0, 203.0, 207.0, and 208.0 ± 0.488 Hz in spectrum (d).
If the average of these values are taken, one arrives at frequencies of (203.1± 0.488)
and (208.7 ± 0.830) Hz. The value of 208.7 Hz agrees well with the ZQCAM for the
case that J-coupling during TM can be ignored (Table 4.4). If the same assumption is
made for the ZQCAM , then the value of 203.1 Hz deviates from the predicted 199.7 Hz
by less than 3.5 Hz. This is summarized in Table 7.1.
Theoretical ZQC Theoretical ZQC Measured ZQC
Modulation Frequencies Modulation Frequencies Modulation Frequencies [Hz]
with J-coupling [Hz] without J-coupling [Hz]
214.481 (from AM) 209.8 (from AM) 208.7 ± 0.830
205.119 (from AM)
206.527 (from AN) 199.7 (from AN) 203.1 ± 0.488
192.873 (from AN)
Tab. 7.1. Comparison of Theoretical and Measured Glutamate ZQCAM
and ZQCAN Modulation Frequencies for the
2CH for a ﬁeld
strength of 3 Tesla.
The resonance frequencies are very well deﬁned in spectra 7.2(b) and (c). Whereas
the resonances are not well separated in spectrum 7.2(a), since with a ∆TM of 1 ms
and 128 individual spectra, the resolution is still too low, spectrum 7.2(d) is also not
optimal, due to the extended acquisition time (TA) of over 11 hours. Theoretically,
spectrum 7.2(d) should show the most deﬁned resonances of all of the spectra shown
in Figure 7.2, however, the system proved to be instable over such long time periods.
In spectra such as 7.2(b) and (c), the ZQC modulation frequencies are clearly visi-
ble in the STEZQC-2D spectrum. Furthermore, the vertical cross-spectra show a clear
separation of the main resonances (the third and fourth peaks can be inferred), and
using the horizontal cross-spectra, an excellent identiﬁcation of glutamate is possible,
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(a) (b)
(c) (d)
Figure 7.2. STEZQC-2D Glutamate Spectra of 40 mmol model solutions. The
ZQCAM and ZQCAN frequencies of the
2CH-triplet are seen between
203 and 213 Hz along the F1 axis (red boxes). The ZQCAM and ZQCAN
frequencies of the 3CH2-multiplet (yellow boxes) are also seen between
203 and 211 Hz along the F1 axis. Initial TM = 10 ms, Repetition Time
(TR) = 2200 ms, TE2 = 7 ms, (a) TE1 = 85 ms, number of excitations
(NEX) = 32, Bandwidth (BW) = 800 Hz, ∆TM = 1 ms, 128 individual
spectra, (b) TE1 = 64 ms, NEX = 32, BW = 800 Hz, ∆TM = 1 ms,
256 individual spectra, (c) TE1 = 64 ms, NEX = 32, BW = 800 Hz,
∆TM = 2 ms, 256 individual spectra, (d) TE1 = 17.5 ms, NEX = 36, BW
= 1200 Hz, ∆TM = 2 ms, 512 individual spectra. Intensity (arbitrary
units) is color-coded.
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since only the ZQCs of glutamate resonate at the observed frequencies. This is seen in
Figure 7.3, where Figure 7.2(c) is shown with cross-spectra.
In addition to the ZQC modulation frequencies of the 2CH-proton, ZQC modu-
lation frequencies of the 3CH2- and
4CH2-protons are seen in Figure 7.3 at 1.99 and
2.43 ppm, respectively. Since the 3CH2-protons are J-coupled to the
2CH-proton, they
demonstrate, among others, the same ZQC modulation frequencies as the 2CH-proton.
These resonances (yellow boxes) are clearly visible in Figure 7.2(a), (b), and (c), as
well as in the horizontal-cross spectra in Figure 7.3.
Under the assumption, that as in the three spin AMN system of the 2CH-proton,
the ZQC involving the 3CH2- and
4CH2-protons must also be in a ZQC state which
involves one spin having x-magnetization and the other y-magnetization (as opposed
to either both having x-magnetization or both having y-magnetization) in order to be
in a single quantum in-phase state at the time of the stimulated echo, one ﬁnds for the
expected resonances for the 4CH2-protons
54.554 Hz
53.587 Hz
40.114 Hz
39.147 Hz
38.684 Hz
37.803 Hz
36.937 Hz
33.511 Hz
29.219 Hz
28.536 Hz (7.2)
26.789 Hz
24.972 Hz
22.747 Hz
20.287 Hz
16.958 Hz
14.431 Hz
2.527 Hz
1.747 Hz
0.967 Hz
In the spectra shown in Figure 7.2, resonances for the 4CH2-protons were found at 3.9,
7.8, 15.6, 39.1, 46.9, and 54.7 Hz in three out of the four spectra. Apart from the
values of 7.8 and 46.9 Hz, these values are in the range of the predicted values, as seen
in Table 7.2.
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Figure 7.3. STEZQC-2D Glutamate Spectrum and Cross-spectra of a 40
mmol model solution. The STEZQC-2D spectrum from Figure 7.2(c)
is shown with cross-spectra. The ZQCAM and ZQCAN frequencies of
the 2CH-triplet (red boxes) are seen between 203 and 213 Hz along the
F1 axis. The ZQCAM and ZQCAN frequencies of the
3CH2-multiplet
(yellow boxes) are also seen between 203 and 211 Hz along the F1 axis.
Initial TM = 10 ms, TR = 2200 ms, TE2 = 7 ms, TE1 = 64 ms, NEX
= 32, BW = 800 Hz, ∆TM = 2 ms, 256 individual spectra. To the left
and right of the 2D spectrum are vertical cross-spectra taken at 3.72 and
3.63 ppm, respectively. Above and below the 2D spectrum are horizontal
cross-spectra taken at 213 and 203 ± 0.977 Hz, respectively. Intensity
(arbitrary units) is color-coded.
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For the 3CH2-protons, one expects all of the resonances of Equations 7.1 and 7.2,
since the 3CH2-protons couple with the
2CH-proton and the 4CH2-protons. Resonances
which were found in three out of the four spectra shown in Figure 7.2, were 3.9, 7.8,
39.1, 46.9, 54.7, 156.3, 203.1, and 210.9 Hz. The values of 3.9 to 54.7 Hz can be
attributed to the 3CH2-protons when in a four-spin system with the
4CH2-protons and
those of 203.1, and 210.9 Hz to the ZQC of the 3CH2-nuclei when in the three-spin
system with the 2CH-nuclei. The value of 156.3 Hz which is in complete disagreement
with these values indicates a more complicated spin evolution for the 3CH2-protons
than predicted. This is due to the fact that although the 3CH2-protons are not weakly
coupled to each other, the simulation assumed this to be the case (Table 7.3).
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Theoretical ZQC Theoretical ZQC Measured ZQC
Modulation Frequencies Modulation Frequencies Modulation Frequencies [Hz]
with J-coupling [Hz] without J-coupling [Hz]
54.554 (from MY) 54.7
53.587 (from MX)
40.114 (from NY) 46.9
39.147 (from NX) 39.1
38.684 (from MY) 38.684 (from MY)
37.803 (from MN)
36.937 (from MX) 36.937 (from MX)
33.511 (from MN)
29.219 (from MN) 31.365 (from MN)
28.536 (from NY) 28.536 (from NY)
26.789 (from NX) 26.789 (from NX)
24.972 (from MN)
22.747 (from MY)
20.287 (from MX)
16.958 (from NY) 15.6
14.431 (from NX) 7.8
2.527 (from XY) 3.9
1.747 (from XY) 1.747 (from XY)
0.967 (from XY)
Tab. 7.2. Comparison of Theoretical and Measured Glutamate ZQC
Modulation Frequencies for the 4CH2 for a ﬁeld strength of 3 Tesla.
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Theoretical ZQC Theoretical ZQC Measured ZQC
Modulation Frequencies Modulation Frequencies Modulation Frequencies [Hz]
with J-coupling [Hz] without J-coupling [Hz]
214.481 (from AM) 209.8 (from AM) 210.9
205.119 (from AM)
206.527 (from AN) 199.7 (from AN) 203.1
192.873 (from AN) 156.3
54.554 (from MY) 54.7
53.587 (from MX)
40.114 (from NY) 46.9
39.147 (from NX) 39.1
38.684 (from MY) 38.684 (from MY)
37.803 (from MN)
36.937 (from MX) 36.937 (from MX)
33.511 (from MN)
29.219 (from MN) 31.365 (from MN)
28.536 (from NY) 28.536 (from NY)
26.789 (from NX) 26.789 (from NX)
24.972 (from MN)
22.747 (from MY)
20.287 (from MX)
16.958 (from NY)
14.431 (from NX) 7.8
2.527 (from XY) 3.9
1.747 (from XY) 1.747 (from XY)
0.967 (from XY)
Tab. 7.3. Comparison of Theoretical and Measured Glutamate ZQC
Modulation Frequencies for the 3CH2 for a ﬁeld strength of 3 Tesla.
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7.2.2 Glutamine Model Solutions
From Equation 6.17, it is seen that ZQC modulation frequencies for the 2CH of
glutamine are expected at
207.692 Hz (from AM)
204.568 Hz (from AN)
196.709 Hz (from AM)
194.932 Hz (from AN) (7.3)
4.482 Hz (from MN)
3.134 Hz (from MN)
1.786 Hz (from MN)
0.438 Hz (from MN)
As for glutamate, the main ZQCAM and ZQCAN frequencies of the
2CH of glu-
tamine (red boxes) in the spectra shown in Figure 7.4 were found to be located at 195,
195, 207, and 207 ± 3.906 Hz in spectrum (a); 195, 199, 203, and 210 ± 1.953 Hz in
spectrum (b); 197, 199, 207 and 207 ± 0.977 Hz in spectrum (c); and 195.3, 199.2,
200.2, and 201.2 ± 0.488 Hz in spectrum (d).
If the average of these values are taken, one arrives at frequencies of (197.4 ±
0.700) and (202.3 ± 1.095) Hz. If it is again assumed, that J-coupling plays no role
during TM (Table 4.4), then the value of 202.3 Hz matches exceedingly well with the
predicted value. The value of 197.4 Hz deviates by less than 2.5 Hz from the predicted
199.75 Hz. These values are summarized in Table 7.4.
Theoretical ZQC Theoretical ZQC Measured ZQC
Modulation Frequencies Modulation Frequencies Modulation Frequencies [Hz]
with J-coupling [Hz] without J-coupling [Hz]
207.692 (from AM)
204.568 (from AN) 202.2 (from AM) 202.3 ± 1.095
196.709 from AM) 199.75 (from AN) 197.4 ± 0.700
194.932 (from AN)
Tab. 7.4. Comparison of Theoretical and Measured Glutamine ZQCAM
and ZQCAN Modulation Frequencies for the
2CH for a ﬁeld
strength of 3 Tesla.
As in Figure 7.2, it is once again found that the resonance frequencies are seen best
in spectra 7.4(b) and (c), each of which were recorded with 256 individual spectra. The
separation of the resonances in 7.4(a) is better than that in 7.2(a) due to the slightly
lower necessary resolution for glutamine as opposed to glutamate. Spectrum 7.4(d)
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(a) (b)
(c) (d)
Figure 7.4. STEZQC-2D Glutamine Spectra of 40 mmol model solutions. The
ZQCAM and ZQCAN frequencies of the
2CH-triplet are seen between
195 and 210 Hz along the F1 axis (red boxes). The ZQCAM and ZQCAN
frequencies of the 3CH2-multiplet (yellow boxes) are also seen between
195 and 210 Hz along the F1 axis. Initial TM = 10 ms, TE2 = 7 ms,
(a) TR = 2200 ms, TE1 = 85 ms, NEX = 32, BW = 800 Hz, ∆TM =
1 ms, 128 individual spectra, (b) TR = 2200 ms, TE1 = 64 ms, NEX = 32,
BW = 800 Hz, ∆TM = 1 ms, 256 individual spectra, (c) TR = 2200 ms,
TE1 = 85 ms, NEX = 32, BW = 800 Hz, ∆TM = 2 ms, 256 individual
spectra, (d) TR = 2170 ms, TE1 = 17.5 ms, NEX = 46, BW = 1200
Hz, ∆TM = 2 ms, 512 individual spectra. Intensity (arbitrary units) is
color-coded.
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demonstrates once more that such extended measurements containing 512 individual
spectra fall victim to the system instability.
The ZQCAM and ZQCAN frequencies are clearly seen in the spectra in Fig-
ures 7.4(b) and (c) as well as in the vertical cross-spectra of Figure 7.5, where Figure
7.4(b) is shown with cross-spectra. There is a distinct separation of the resonances
in the vertical cross-spectra. Additionally, in the horizontal cross-spectra, the four
chemical shift values for which ZQC occur are visible. This is especially notable in
the horizontal cross-spectrum at 203.1 Hz in Figure 7.5. This is also the case in Fig-
ure 7.6, which shows the horizontal cross-spectrum of a STEZQC-2D spectrum, which
was taken at the frequency of the ZQCAM and ZQCAN . The J-coupling constants can
be calculated here to be 5.9 and 8.2 Hz. The value of 5.9 agrees extremely well with
the literature value of 5.847 Hz, however, the value of 8.2 Hz is considerably higher
than that of the literature value of 6.5 Hz [14]
In Figure 7.5, ZQCAM and ZQCAN modulation frequencies of the
3CH2- and
4CH2-protons are seen at 2.01 and 2.30 ppm, respectively. It is expected that since
the 3CH2-protons are J-coupled to the
2CH-proton, they demonstrate, among others,
the same ZQCAM and ZQCAN modulation frequencies as the
2CH-proton. These
resonances are clearly visible in Figure 7.4(a), (b), and (c), as well as in the horizontal-
cross spectra in Figure 7.5 (yellow boxes). In the horizontal cross-spectrum taken at
(203.1 ± 1.95) Hz, however, ZQC are not only seen for the 2CH and 3CH2-nuclei, but
also for the 4CH2-protons (magenta boxes). For the
4CH2 there are no ZQC resonances
expected at the frequencies derived from coupling with the 2CH, since they are spatially
separated by four bonds in the glutamine molecule. It is possible that this is the result
of magnetization transfer within the molecule which takes place for example via proton
exchange.
Presuming that magnetization conversion takes place only by J-coupling, and as
in the theory of the AMN system of the 2CH-proton, that ZQC involving the 3CH2-
and 4CH2-protons must also be in a ZQC state which involves one spin having x-
magnetization and the other y-magnetization, in order for the magnetization of the
3CH2- and
4CH2-protons to be in a single quantum in-phase state at the time of the
stimulated echo, one ﬁnds for the expected resonances for the 4CH2-protons:
57.123 Hz
54.551 Hz
53.315 Hz
50.635 Hz
42.435 Hz
39.975 Hz
39.729 Hz
37.269 Hz
27.747 Hz
26.635 Hz (7.4)
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24.907 Hz
23.903 Hz
4.482 Hz
3.134 Hz
2.840 Hz
2.706 Hz
2.572 Hz
1.786 Hz
0.438 Hz
ZQC resonances for the 4CH2-protons were found in three out of four of the spectra
shown in Figure 7.4 at 3.9, 7.8, 15.6, 39.1, and 46.9 Hz. The measured values do not
match so well with the expected values, as seen in Table 7.5. This is due to the fact
that the simulations for the 4CH2-protons were, as was the case for the
3CH2-protons,
calculated assuming weak coupling between the two 4CH2-protons. This assumption
simpliﬁes the simulation, but does not reﬂect the true situation. The measured fre-
quencies are, however, located within the range of the expected values.
All of the frequencies in Equations 7.3 and 7.4 are expected for the 3CH2-protons
since they couple with the 2CH-proton and the 4CH2-protons. For the
3CH2-protons,
resonances were found in three of four spectra from Figure 7.4 at 3.9, 7.8, 15.6, 39.1,
46.9, 164.1, 195.3, and 203.1 Hz. The values of 3.9 to 46.9 Hz match with those that
are found for the 4CH2-nuclei and those of 195.3, and 203.1 Hz to the ZQC of the
2CH-nuclei when in the three-spin system with the 3CH2-nuclei. As with glutamate,
there is the additional value of 164.0 Hz which cannot be attributed to the theoretical
values for the 3CH2-nuclei which were calculated assuming weak coupling between the
3CH2-nuclei (Table 7.6).
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Figure 7.5. STEZQC-2D Glutamine Spectrum and Cross-spectra of a
40 mmol model solution. The STEZQC-2D spectrum from Figure 7.4(b)
is shown with cross-spectra. The ZQCAM and ZQCAN frequencies of
the 2CH-triplet (red boxes) are seen between 195 and 210 Hz along the
F1 axis. The ZQCAM and ZQCAN frequencies of the
3CH2-multiplet
(yellow boxes) are also seen between 195 and 210 Hz along the F1 axis.
Additionally, peaks are seen for the 4CH2-multiplet in the range of 195
to 210 Hz along the F1 axis (magenta boxes). Initial TM = 10 ms, TE2
= 7 ms, TR = 2200 ms, TE1 = 64 ms, NEX = 32, BW = 800 Hz, ∆TM
= 1 ms, 256 individual spectra. To the left and right of the 2D spectrum
are vertical cross-spectra taken at 3.71 and 3.61 ± 0.195 ppm, respec-
tively. Above and below the 2D spectrum are horizontal cross-spectra
taken at 210 and 203 ± 1.95 Hz, respectively. Intensity (arbitrary units)
is color-coded.
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Figure 7.6. The 2CH Coupling-constants can be calculated from the distance
between the peaks of the 2CH double doublet taken from the horizontal
cross-spectra at the ZQC modulation frequency of a STEZQC-2D spec-
trum, which was recorded from a 40 mmol Gln model solution. Initial
TM = 10 ms, TE2 = 7 ms, TR = 2000 ms, TE1 = 21 ms, NEX = 64,
BW = 1200 Hz, ∆TM = 1 ms, 8 individual spectra.
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Theoretical ZQC Theoretical ZQC Measured ZQC
Modulation Frequencies Modulation Frequencies Modulation Frequencies [Hz]
with J-coupling [Hz] without J-coupling [Hz]
57.123 (from NY)
54.551 (from NX)
53.315 (from MY)
50.635 (from MX)
42.435 (from NY) 42.435 (from NY) 46.9
39.975 (from MY) 39.975 (from MY)
39.729 (from NX) 39.729 (from NX) 39.1
37.269 (from MX) 37.269 (from MX)
27.747 (from NY)
26.635 (from MY)
24.907 (from NX)
23.903 (from MX) 15.6
4.482 (from MN) 7.8
3.134 (from MN) 3.9
2.840 (from XY)
2.706 (from XY) 2.706 (from XY)
2.572 (from XY) 2.46 (from MN)
1.786 (from MN)
0.438 (from MN)
Tab. 7.5. Comparison of Theoretical and Measured Glutamine ZQC
Modulation Frequencies for the 4CH2 for a ﬁeld strength of 3 Tesla.
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Theoretical ZQC Theoretical ZQC Measured ZQC
Modulation Frequencies Modulation Frequencies Modulation Frequencies [Hz]
with J-coupling [Hz] without J-coupling [Hz]
207.692 (from AM)
204.568 (from AN) 202.2 (from AM) 203.1
196.709 from AM) 199.75 (from AN) 195.3
194.932 (from AN) 164.1
57.123 (from NY)
54.551 (from NX)
53.315 (from MY)
50.635 (from MX)
42.435 (from NY) 42.435 (from NY) 46.9
39.975 (from MY) 39.975 (from MY)
39.729 (from NX) 39.729 (from NX) 39.1
37.269 (from MX) 37.269 (from MX)
27.747 (from NY)
26.635 (from MY)
24.907 (from NX)
23.903 (from MX) 15.6
4.482 (from MN) 7.8
3.134 (from MN) 3.9
2.840 (from XY)
2.706 (from XY) 2.706 (from XY)
2.572 (from XY) 2.46 (from MN)
1.786 (from MN)
0.438 (from MN)
Tab. 7.6. Comparison of Theoretical and Measured Glutamine ZQC
Modulation Frequencies for the 3CH2 for a ﬁeld strength of 3 Tesla.
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7.2.3 Comparison of ZQC Resonance Frequencies of Glutamate
and Glutamine
Comparing the recorded resonances of glutamate and glutamine, one ﬁnds that
the 4CH2-nuclei of both metabolites have peaks at 3.9, 7.8, 15.6, 39.1, and 46.9 Hz.
Three out of four spectra from Figure 7.2 also demonstrated peaks at 54.7 Hz. For
glutamine, this was only the case in two of four spectra from those shown in Figure 7.4.
Aside from the 156.3 Hz peak in the glutamate spectra and the 164.1 Hz peak in the
glutamine spectra, the peaks that are found for the 3CH2-nuclei of both metabolites
are the same as those found for the 4CH2- and
2CH-nuclei. For the 2CH-nuclei, the
frequencies 197.4 (Gln), 202.3 (Gln), 203.1 (Glu), and 208.7 (Glu) Hz were found.
Separation of the two metabolites using the 4CH2-peaks is not reasonable, due
to the large number of peaks which demonstrate only minimal deviation between glu-
tamate and glutamine. The same is true for the 3CH2-peaks with the exception of
the 156.3 Hz glutamate peak and the 164.1 Hz glutamine peak, which should provide
an excellent basis for distinction of the two metabolites, since they are separated by
almost 8 Hz. However, since the theory that was used to predict the ZQC frequencies
of the 3CH2-nuclei is incomplete, since it assumes weak-coupling, which is not the case
for the 3CH2-nuclei, they were not chosen for metabolite identiﬁcation. The theory of
the 2CH-nuclei is well understood and the glutamate and glutamine metabolites show
acceptable separation. It was therefore decided to use the 2CH-nuclei in order to dis-
tinguish glutamate from glutamine in measurements on model solutions and healthy
volunteers. A value of 208 Hz or larger was attributed to glutamate and all other values
were assigned to Glx.
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Glutamate ZQC [Hz] Glutamine ZQC [Hz]
2CH 3CH2
4CH2
2CH 3CH2
4CH2
210.9
208.7
203.1 203.1 203.1
202.3
197.4
195.3
164.1
156.3
54.7 54.7
46.9 46.9 46.9 46.9
39.1 39.1 39.1 39.1
15.6 15.6 15.6
7.8 7.8 7.8 7.8
3.9 3.9 3.9 3.9
Tab. 7.7. Comparison of Measured Glutamate and Glutamine ZQC Mod-
ulation Frequencies for a ﬁeld strength of 3 Tesla. The values for 3CH2
and 4CH2 were located in three out of four of the spectra shown in Fig-
ures 7.2 and 7.4, respectively. The values for 2CH are the average of the
two largest signals in all four of the spectra shown in Figures 7.2 and 7.4,
respectively.
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7.3 Brain and Glx Model Solutions
Glutamate was measured in combination with other common metabolites, which
are found in the human brain, as well as in combination with glutamine. The ad-
dition of other metabolites to the glutamate model solution did not complicate the
measurements of the ZQCAM and ZQCAN of the
2CH-nuclei, as no other resonances
are located in this range. Separation of glutamate from glutamine when in a common
solution was conﬁrmed to be possible if the resolution along the F1 axis is signiﬁcant.
7.3.1 Brain Model Solution
The brain model solution was measured to determine if glutamate could be de-
tected at its in vivo concentration in a solution containing other metabolites found
in the human brain at their in vivo concentrations. Figure 7.7 shows a STEZQC-2D
spectrum from the brain model as well as horizontal and vertical cross-spectra from
the 2D spectrum. In the 2D spectrum, modulation frequencies unequal to zero can be
seen for the scalar-coupled metabolites glutamate and lactate (red boxes). ZQCAM
and ZQCAN resonance frequencies are seen between 203 and 219 Hz for the
2CH. Due
to the low resolution along the F1 axis, no separation of the ZQCAM from the ZQCAN
is visible. Above and below the 2D spectrum are a horizontal cross-spectrum taken at
(219 ± 15.6) Hz and the 1D spectrum with TM = 10 ms, respectively. It can be seen
that the intensity of the outer 2CH Glu peaks in the cross spectrum is much higher
than in the 1D spectrum, which leads to easier identiﬁcation (SNR 284 in the horizontal
cross-spectrum of the 2D spectrum as opposed to SNR 164 in the 1D spectrum). To
the left and right of the 2D spectrum, are vertical cross-spectra taken at 3.70 ppm and
3.78 ppm, respectively. Here it is clear, that there is a very strong signal arising from
the Glu ZQC at 219 Hz. Therefore, a contamination of the Glu signal by signal from
myo-inositol, GABA, or glucose is excluded. The full width at half maximum (FWHM)
of the peaks is large at 69 Hz (in the vertical cross-spectrum taken at 3.70 ppm) and
70 Hz (in the vertical cross-spectrum taken at 3.78 ppm). This is not due to B0 in-
homogeneities, since the FWHM along the F1 axis are independent of the shim. This
is because the resonances along this axis result from the Fourier transform along the
indirect time axis. Instead, the FWHM along F1 is due to the resolution, which in
turn is inversely proportional to the number of individual spectra, which is low in this
case.
Furthermore, it is seen that although no signal is expected for the non-J-coupled
metabolites (and water) at values other than zero along the F1 axis, these metabolites
do in fact yield signals along the F1 axis, and that these signals are in the form of
streaks, at the chemical shift of the metabolite. The intensity of the streaks, which
result from the evolution of the metabolites' magnetization during TM, is inversely
proportional to the frequency along F1. This can be seen well for the resonance of Cho.
Its intensity is strong from 0 to 150 Hz along the F1 axis and then decreases signiﬁcantly.
Therefore, the signal from J-coupled metabolites with large ZQC frequencies is less
eﬀected by this contamination than signal from J-coupled metabolites with smaller
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Figure 7.7. STEZQC-2D Brain Model Solution Spectrum and Cross-
spectra ZQCAM and ZQCAN resonance frequencies are seen between
203 and 219 Hz for the 2CH. Initial TM = 10 ms, TE2 = 7 ms, TR =
2000 ms, TE1 = 64 ms, NEX = 64, BW = 1000 Hz, ∆TM = 1 ms, 32 in-
dividual spectra, To the left and right of the 2D spectrum are vertical
cross-spectra taken at 3.78 and 3.70 ± 0.002 ppm, respectively. Above
and below the 2D spectrum are the horizontal cross-spectrum taken at
(219 ± 15.6) Hz and the 1D spectrum with TM = 10 ms, respectively.
Intensity (arbitrary units) is color-coded.
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ZQC frequencies. For Glu and Gln, this means that the signals of the ZQC of the 2CH-
and 3CH2 are less eﬀected than the signals of the
4CH2. The intensity of the streaks
is also proportional to the intensity of the metabolites in 1D spectra. For example,
the intensity of the NAA streak is much greater than that of choline. This leads to
the fact, that although the ZQCAM and ZQCAN should be equally well identiﬁable for
the 2CH- and 3CH2, these ZQC frequencies of the
3CH2 are located at an area of high
contamination from non-J-coupled metabolites.
7.3.2 Glx Model Solution
Glutamate and glutamine were measured in a common solution. A STEZQC-2D
spectrum is shown in Figure 7.8, which was recorded from a model solution containing
both Glu and Gln at 20 mmol/L concentrations. Here it was found, that with a
resolution along the F1 axis (F1Res) of 1.95 Hz, the 211 Hz ZQC resonance of the
2CH
of Glu (red boxes) could be separated from the ZQCAM and ZQCAN resonances of Glu
and Gln in the range of 199 to 203 Hz (red shaded boxes). This resolution of 1.95 Hz
along the F1 axis was achieved with ∆TM = 2 ms and 128 individual spectra. The
acquisition time for the 2D spectrum shown in Figure 7.8 was 4 hours and 33 minutes.
In the vertical cross-spectra taken at 3.69 and 3.77 ± 0.002 ppm, the resonances are
separated well. In Figure 7.9, it is seen that the horizontal cross-spectra (blue) taken
at 211 Hz from the 2D spectrum shown in Figure 7.8 demonstrates a marked increase
in the intensity of the 2CH resonance compared to the baseline as opposed to the 1D
spectrum obtained with TM = 10 ms (green). Furthermore, in the horizontal cross-
spectra in Figure 7.8, the ZQCAM and ZQCAN of the
3CH2 (yellow boxes) have an
even higher intensity than the ZQCAM and ZQCAN of the
2CH. The same holds true
for these frequencies in the vertical cross-spectra taken at the location of the 3CH2
(green) and 2CH (blue) shown in Figure 7.10. Unfortunately, the ZQC frequencies of
the 3CH2, which resonate at 2.04 to 2.13 ppm along the F2 axis, are overshadowed by
the resonance of NAA when in vivo. Finally, the mass of resonances arising from Glu
and Gln from the 4CH2- and
3CH2-protons between 2.0 and 2.7 ppm in Figure 7.8 once
again speaks against using the resonances of the 4CH2 for identiﬁcation purposes.
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Figure 7.8. STEZQC-2D Glx Model Solution Spectrum and Cross-spectra
The 211 Hz ZQC resonance of the 2CH of Glu (red boxes) is separated
from the ZQCAM and ZQCAN resonances of Glu and Gln in the range
of 199 to 203 Hz (red shaded boxes). The ZQCAM and ZQCAN of the
3CH2 are also seen in this range (yellow boxes). Initial TM = 10 ms,
TE2 = 7 ms, TR = 2000 ms, TE1 = 72 ms, NEX = 64, BW = 1200 Hz,
∆TM = 2 ms, 128 individual spectra, F1Res = 1.95 Hz, TA = 4 hours
and 33 minutes. To the left and right of the 2D spectrum are vertical
cross-spectra taken at 3.77 and 3.69 ± 0.002 ppm, respectively. Above
and below the 2D spectrum are horizontal cross-spectra taken at 211 and
199 ± 1.95 Hz, respectively. Intensity (arbitrary units) is color-coded.
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Horizontal Cross-Spectrum 
from 2D Spectrum
1D Spectrum with TM = 10 ms
Figure 7.9. STEZQC-2D Horizontal Cross-spectra from Glx Model Solu-
tion The intensity of the 2CH resonance (in cream area) compared to
the baseline is much higher for the horizontal cross-spectrum taken at
(211± 1.95) Hz from the 2D spectrum shown in Figure 7.8 (blue) than
for the 1D spectrum obtained with TM = 10 ms (spectrum reduced by
a factor of 100) (green).
Vertical Cross-Spectrum at 3.69 ppm
Vertical Cross-Spectrum at 2.05 ppm
Figure 7.10. STEZQC-2D Vertical Cross-spectra from Glx Model Solution
The intensity of the ZQCAM and ZQCAN (in cream area) are visible
along the vertical cross-spectra of Figure 7.8 for both the 2CH (vertical
cross-spectra taken at 3.69 ppm) (blue) and the 3CH2 (vertical cross-
spectra taken at 2.05 ppm) (green), their intensity being even higher at
the 3CH2 than at the
2CH.
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7.4 Undersampling and Fourier Shift
As an acquisition time of over four hours is clearly not reasonable for in vivo
examinations on humans, an undersampling method in combination with a Fourier
shift was proposed. Once again, measurements were performed on Glx model solutions.
Now, however, ∆TM was larger than that allowed by the Nyquist sampling theorem.
According to Equation 6.25, when ∆TM is increased, less individual spectra must be
recorded to obtain the same resolution as when ∆TM adheres to the Nyquist sampling
theorem. However, when the spectrum is recorded with a ∆TM which violates the
Nyquist Theorem, the F1 bandwidth is reduced, so that the frequencies of interest lie
outside of this range. This leads to the fact, that these frequencies are seen as artifacts,
which are located at the frequency
νZQCartifact = |νBWmax − (νZQC − νBWmax)| (7.5)
(If νZQCartifact is larger than BW, then, Equation 7.5 must be iteratively applied,
substituting νZQCartifact for νZQC until νZQCartifact is smaller than BW.) If νZQCartifact
is located in an area of little noise, and can be clearly identiﬁed, no further action is
necessary. However, in some cases, νZQCartifact is unfavorable, as it is located at an area
of elevated noise, such as near 0 Hz along the F1 axis. In order to compensate for this,
each individual 1D spectrum can be multiplied with a phase, which linearly increases
with the number of the individual spectrum. This artiﬁcially alters the frequencies
of all resonances in the 2D spectrum and allows the νZQCartifact to be separated from
elevated noise areas which lie naturally within the measured BW. This can be seen if
one considers the case of two resonances which are located at the same area in a 2D
spectrum, one of them, νnat, naturally occurring within the measured BW and one of
them, νart, occurring as an artifact as described by Equation 7.5. When no phase is
applied,
νnat = νart (7.6)
If a phase ϕ is applied, which corresponds to a frequency shift of νshift, νnat and νart
become
νnatS = νnat + νshift > νnat (7.7)
and
νartS = νart + νshift > νart (7.8)
If νartS is substituted for νZQC in Equation 7.5, one ﬁnds the location of νartSartifact
to be
νartSartifact = |νBWmax − (νart + νshift − νBWmax)| < νart (7.9)
so that
νnatS > νnat = νart > νartSartifact (7.10)
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Glx
Glu
Figure 7.11. Undersampled STEZQC-2D Glx Model Spectrum and Cross-
spectra The ZQC frequencies are aliased into the measured bandwidth.
The 211 Hz ZQC of the 2CH of Glu (red boxes) is distinguishable from
the ZQCAM and ZQCAN of Glx (shaded red boxes). Initial TM = 10 ms,
TE2 = 7 ms, TR = 2000 ms, TE1 = 72 ms, NEX = 64, BW = 1200 Hz,
∆TM = 4 ms, 64 individual spectra, F1Res = 1.95 Hz, TA = 2 hours
and 17 minutes. To the left and right of the 2D spectrum are vertical
cross-spectra taken at 3.72 and 3.65 ± 0.002 ppm, respectively. Above
and below the 2D spectrum are horizontal cross-spectra taken at 211 and
199 ± 1.95 Hz, respectively. Intensity (arbitrary units) is color-coded.
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Figure 7.11 shows such a 2D spectrum which was recorded with ∆TM = 4 ms.
When ∆TM is increased to 4 ms, only 64 individual spectra must be recorded to obtain
the same 1.95 Hz resolution as in the 2D spectrum shown in Figure 7.10, which was
recorded with ∆TM = 2 ms. However, as the Nyquist Theorem is violated by a ∆TM
of 4 ms, the ZQCAM and ZQCAN are seen as artifacts. Once again, the resonances are
seen at 199 and 211 ± 1.95 Hz in the 2D spectrum.
A Fourier Shift can be applied to conﬁrm these frequencies. Figure 7.12 shows the
same spectrum as in Figure 7.11, this time however, with a phase shift of 360◦, which
corresponds to one line in frequency space. If this shift is applied, the frequencies of
interest are aliased to a diﬀerent part of the spectrum, so that it is clear that the signal
truly originates from the frequencies of interest.
The acquisition time for the 2D spectrum shown in Figure 7.11 was 2 hours and
17 minutes. This undersampling of the F1 axis comes at the cost of reduced SNR.
Theoretically, each time the frequencies fold into the measured bandwidth, one expects
an SNR decrease of
√
2. Figure 7.13 shows the theoretically expected SNR and the
measured SNR for 2D spectra recorded with ∆TM = 2, 4, 8, and 16 ms. The observed
SNR decreases as expected, but is slightly higher than the predicted SNR. Here it can
be seen that if a 2D spectrum is recorded with ∆TM = 8 ms and NEX = 128, the SNR
is roughly equivalent to that of a 2D spectrum obtained with ∆TM = 2 ms and only
NEX = 32. This is a major drawback of the undersampling.
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Figure 7.12. Undersampled STEZQC-2D Glx Model Spectrum with Fourier
Shift of 360◦. The ZQC of the 2CH of Glu (red boxes), now shifted
by one line in frequency space, is distinguishable from the ZQCAM and
ZQCAN of Glx (shaded red boxes). Initial TM = 10 ms, TE2 = 7 ms,
TR = 2000 ms, TE1 = 72 ms, NEX = 64, BW = 1200 Hz, ∆TM = 4 ms,
64 individual spectra, F1Res = 1.95 Hz, TA = 2 hours and 17 minutes.
Intensity (arbitrary units) is color-coded.
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Figure 7.13. SNR of STEZQC-2D Vertical Cross-spectra The SNR of verti-
cal cross-spectra taken at (3.63 ± 0.002) ppm of STEZQC-2D spectra
recorded from a Glu model solution (blue) correspond well with the theo-
retical SNR (green). All STEZQC-2D spectra had a resolution of 1.95 Hz
along the F1 axis. They were recorded with ∆TM = 2 ms and 128 in-
dividual spectra, ∆TM = 4 ms and 64 individual spectra, ∆TM = 8 ms
and 32 individual spectra, and ∆TM = 16 ms and 16 individual spectra.
Other parameters were Initial TM = 10 ms, TE2 = 7 ms, TR = 2200 ms,
TE1 = 64 ms, NEX = 32 BW = 800 Hz.
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7.5 In Vivo
Glutamate and glutamine were measured in vivo in the brain of healthy volunteers.
For these measurements, ∆TM was set to 8 ms, allowing 32 individual spectra to be
recorded within 1 hour and 8 minutes. This leads to a resolution of 1.95 Hz along the
F1 axis. An example of such a spectrum is shown in Figure 7.14. Here ZQC for the
Glu and Gln 2CH are seen at 198 to 201 ± 1.95 Hz (red shaded box) and ZQC for the
Glu 2CH at 210 to 213 ± 1.95 Hz (red box). Figure 7.15 shows horizontal cross-spectra
taken from the 2D spectrum in Figure 7.14 at 211 (light blue) and 199 (dark blue) Hz,
as well as the 1D spectrum recorded with ∆TM = 10 ms. Glx is barely distinguishable
in the 1D spectrum. In the horizontal STEZQC-2D cross-spectra the ZQC resonances
can be identiﬁed well. The ratio of the intensity of the peaks of the ZQC of Glu and
Glx to the intensity of the peaks of Cho, Cr, NAA, and m-Ins is strongly increased
from the 1D spectrum recorded with TM = 10 ms to the horizontal cross-spectra
of the 2D spectrum. The vertical cross-spectra taken at 3.65 and 3.72 ppm show a
clear separation of the glutamate peaks at 211 Hz from those of Glx (Figure 7.16).
Additionally, the resonances of both the Glu and Glx peaks are easily identiﬁable in
the vertical spectra, due to their high intensities.
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Figure 7.14. In Vivo STEZQC-2D Spectrum In the 2D spectrum, the 210 to
213 Hz ZQC frequencies of the 2CH of Glu are separated well from the
ZQCAM and ZQCAN of the
2CH of Glx. The spectrum was obtained
from a 30x30x30 mm3 voxel from the left parietotemporal of a 27-year-
old healthy volunteer. Initial TM = 10 ms, TE2 = 7 ms, TR = 970 ms,
TE1 = 17.5 ms, NEX = 128, BW = 1240 Hz, ∆TM = 8 ms, 32 individual
spectra, head coil in CP mode, 3 T, F1Res = 1.95 Hz, TA = 1 hour and
8 minutes. Intensity (arbitrary units) is color-coded.
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Figure 7.15. In Vivo STEZQC-2D Horizontal Cross-spectra The intensity of
the Glu and Glx ZQC peaks in the horizontal cross-spectra taken from
the STEZQC-2D spectrum in Figure 7.14 at 211 (light blue) and 199
(dark blue) Hz is much higher than that of Glx in the 1D spectrum
recorded with ∆TM = 10 ms (green). The 2D spectrum in Figure 7.14
was obtained from a 30x30x30 mm3 voxel from the left parietotemporal
of a 27-year-old healthy volunteer. Initial TM = 10 ms, TE2 = 7 ms, TR
= 970 ms, TE1 = 17.5 ms, NEX = 128, BW = 1240 Hz, ∆TM = 8 ms,
32 individual spectra, head coil in CP mode, 3 T, F1Res = 1.95 Hz, TA
= 1 hour and 8 minutes.
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Figure 7.16. In Vivo STEZQC-2D Vertical Cross-spectra taken from the
STEZQC-2D spectrum in Figure 7.14 at 3.65 (teal) and 3.72 (green) ppm
show a clear separation of the ZQC resonance of the 2CH of Glu at 211 Hz
from the ZQCAM and ZQCAN of Glx at 199 Hz. The 2D spectrum in
Figure 7.14 was obtained from a 30x30x30 mm3 voxel from the left pari-
etotemporal of a 27-year-old healthy volunteer. Initial TM = 10 ms, TE2
= 7 ms, TR = 970 ms, TE1 = 17.5 ms, NEX = 128, BW = 1240 Hz,
∆TM = 8 ms, 32 individual spectra, head coil in CP mode, 3 T, F1Res
= 1.95 Hz, TA = 1 hour and 8 minutes.
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7.6 Variation of TE
In order to determine the optimal TE times for the detection of the ZQCAM
and ZQCAN of glutamate and glutamine, the ﬁrst two terms of Equation 6.15 were
simulated for TE1 (the ﬁrst half of TE) from 10 to 150 ms in 0.5 ms steps and TE2
(the second half of TE) from 5 to 150 ms in 1 ms steps. The percentage of the initial
magnetization that is detectable at these combinations of TE1 and TE2 is shown in
Figure 7.17. From Figure 7.17, it can been seen that the maximum amount of the
original glutamate magnetization that one can record (not taking relaxation eﬀects
into consideration) is above 85%. To record these large percentages, combinations of
TE1 and TE2 larger than [100 ms : 100 ms] should be used. No more than 55% of the
original glutamine signal, however, can be recorded with TE1 and TE2 time less than
150 ms, and longer TE times are not practical due to relaxation [7]. For glutamine,
combinations of TE1 and TE2 in the range of [25 to 55 ms : 25 to 55 ms] can be used
to obtain a minimum of 50% of the original glutamine signal. These low TE1 and TE2
values are advantageous, since there is less signal decay due to relaxation eﬀects than
when larger combinations of TE1 and TE2 of are used.
Glutamate Glutamine
Figure 7.17. Optimal TEs for Glutamate and Glutamine ZQC in the range of
TE1 from 10 to 150 ms in 0.5 ms steps and TE2 from 5 to 150 ms in 1 ms
steps. The percentage of the initial magnetization that is detectable is
color-coded. Optimal combinations of TE1 and TE2 for glutamate are
larger than [100 ms : 100 ms] and for glutamine are in range of [25 to
55 ms : 25 to 55 ms].
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The compliance of these simulations with actual measurements was inspected.
Figure 7.18 shows the simulated intensity of the ZQC of glutamate for values of TE1
between 10 and 77.5 ms in 0.5 ms steps when TE2 is held constant at 7 ms, and the
measured values for the same parameters. Although the simulated intensity matches
well with the measured values, it has a slightly larger frequency. This is possibly
due to the fact that the intensity of the measured frequency was recorded for only
one of the two ZQC peaks and the simulated intensity takes both of these peaks into
consideration. It can be seen from the measured frequencies, that a local maximum is
expected every 5 ms.
Measurement
Theory
Figure 7.18. Glutamate ZQC Intensity in 2D spectra recorded with TE1 values
of 10 to 77.5 ms in 0.5 ms steps. All spectra were recorded with TE2 =
7 ms, initial TM = 10 ms, TR = 1200 ms, BW = 1200 Hz, ∆TM = 1 ms,
and 8 individual spectra. TE1 values from 10 to 60.5 ms were recorded
with NEX = 64; TE1 values from 61 to 77.5 ms were recorded with
NEX = 128. Simulated values are shown in green (increased by a factor
of 30,000 since it was not possible to normalize the measured values) and
measured values in blue.
To determine if glutamate can be recorded without recording glutamine, the total
intensity of both glutamate and glutamine for the combinations of TE1 and TE2 was
calculated (assuming that their intensities are equal before they are subjected to the
STEAM sequence). The percentage of this total that is formed by either glutamate
or glutamine is shown in Figure 7.19. Here it is seen that for both glutamate and
glutamine, combinations of TE1 and TE2 can be found for which it is possible to record
the one metabolite without recording the other, due to the fact that the intensity of
the undesired metabolite is negligible (10% or less) for the particular combination of
TE1 and TE2.
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Glutamate Glutamine
Figure 7.19. Percentage of Glutamate or Glutamine ZQC Intensity of Glx
ZQC Intensity in the range of TE1 from 10 to 150 ms in 0.5 ms steps and
TE2 from 5 to 150 ms in 1 ms steps. The percentage of the glutamate and
glutamine intensity, respectively, of the intensity of Glx is color-coded.
For selected values, glutamate and glutamine ZQC intensity values were measured
and their percentage of the intensity of Glx compared with the theoretical values. This
can be seen in Figure 7.20. There is very little correlation between the measured values
and the theory. This is most likely due to the larger frequency of the ZQC intensity
modulation in the simulation as opposed to in the measured values. It appears that
the role of TE1 has more inﬂuence on the outcome of the ZQC intensity than TE2
does. This is at least logical for the measured values, since they are not the result of a
single measurement at one point in time, but rather are recorded over many hundreds
of milliseconds. If this fact would have been accounted for in the simulations, they
would have been complicated considerably. In spite of this, it is seen that there are
combinations of TE1 and TE2 for which one metabolite accounts for a large percentage
of the recorded Glx. For the combination of TE1 and TE2 of [56 ms : 38 ms], glutamate
constitutes 74% of the signal, and for the combination of TE1 and TE2 of [30.5 ms :
51 ms], 76% of the signal arises from glutamine (not shown).
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Figure 7.20. Glutamate ZQC Intensity as Percent of Glx Intensity for selected
combinations of TE1 and TE2. Percentage is color-coded. The signal is
74% pure for glutamate for the combination of TE1 and TE2 of [56 ms :
38 ms].
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Chapter 8
Discussion
As at a ﬁeld strength of 3 T, the achievable resolution in single-voxel-spectra or
in spectroscopic imaging is not suﬃcient for the identiﬁcation of glutamate and glu-
tamine signals in vivo, the STEZQC-2D sequence was implemented. The STEZQC-2D
sequence provides an excellent method for separation of the 208.7 Hz ZQC modula-
tion frequency of the 2CH of glutamate from the 197.4 and 202.3 Hz ZQC modulation
frequencies of the 2CH of glutamine as well as from the 203.1 Hz ZQC modulation
frequency of the 2CH of glutamate in vitro. The acquisition time necessary for such
separation is over four hours. For the separation of the 203.1 Hz ZQC modulation fre-
quency from the glutamine frequencies an acquisition time of over 15 hours is necessary
and the system cannot be relied upon to remain stable over such an extended time.
Therefore the separation of the glutamate ZQC modulation frequencies from those of
glutamine is restricted to the 208.7 Hz ZQC frequency. The introduction of undersam-
pling reduces the acquisition time to 1 hour and 8 minutes, allowing the sequence to be
implemented in vivo. Fourier shifting can be applied to verify the aliased frequencies
found in spectra recorded using undersampling.
Diﬃculties which still remain in connection with this method are that only one of
the two ZQC modulation frequencies of the 2CH of glutamate can be identiﬁed, raising
the question of whether this signal represents 50% of the total 2CH glutamate ZQC
modulation frequency signal or not. Quantiﬁcation is further complicated by the fact
that the ZQC modulation frequencies are only indirectly observable. If one assumes
the intensity of the signal to be proportional to the concentration of a metabolite,
then concentration determination using the ZQC modulation frequencies also suﬀers
from the fact that a large portion of the glutamate and glutamine signals are not
transformed into ZQC via the second 90◦ pulse of the STEAM sequence [23]. In order to
provide an accurate concentration value, the ratio of ZQC to single-, double-, and triple-
quantum coherences during TM must be determined. The greatest diﬃculty in respect
to quantiﬁcation, however, lies in the fact, that since the frequencies are aliased into the
measured bandwidth, the intensity of the peaks at their aliased frequencies is composed
of the aliased frequency itself as well as some background noise, which may or may
not contain signal from other metabolites whose signal was not completely dephased
during TM. The challenge that this presents is the determination of which percentage
of the intensity arises from the ZQC signals and which percentage can be attributed
to this noise. More eﬀective dephasing during TM is therefore an improvement of the
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STEZQC-2D sequence, that should be undertaken in future applications.
In spite of these diﬃculties, the STEZQC-2D sequence merits itself in that it
has allowed the undisputable identiﬁcation of glutamate signal in human brain in vivo
for the ﬁrst time. It provides valuable identiﬁcation possibilities since the parameter
which is used for identiﬁcation is unique to glutamate, in contrast to other identiﬁcation
methods where the glutamate signal is potentially contaminated with signal from other
metabolites [6] [8] [25] [26] [33] [34] [41] [46]. Theoretically, the STEZQC-2D sequence
should not provide any better identiﬁcation possibilities than 2D methods in which the
J-coupling constants are recorded along the F1 axis [40] [30], since the combination of
J-coupling constants and chemical shifts are also unique for each metabolite. These
methods, however, succumb to the facts that the separation of the J-coupling constants
is small and that the J-coupling constants themselves are also small, which leads to
them being located in an area of elevated noise along the mid-line of the 2D spectra.
The further approach of using appropriate combinations of TE1-TE2, which are
optimized for the detection of one or the other of the metabolites glutamate or glu-
tamine not only allows for a much faster detection of glutamate, but also provides a
method for the detection of glutamine. Using an appropriate combination of TE1-TE2,
signal can be detected within 16 minutes, which is approximately 75% pure for one or
the other of the two metabolites. This has the great advantage that glutamine can be
detected. The disadvantage of this method is that both of the metabolites cannot be
visualized simultaneously.
Further advances in 1H MRS techniques should allow for improvements in both
of these methods. The establishment of high ﬁeld strengths for routine clinical use
would allow for an even further reduction of the acquisition time. The introduction of
2D spectroscopic imaging techniques [24] provides the possibility to obtain 2D spectra
from multiple voxels within a reasonable amount of time. Application of this technique
to the STEZQC-2D sequence would allow not only single voxel spectra to be acquired,
but entire spectroscopic imaging maps. Additionally, the combination of Glx studies
with studies on glucose [32], lactate [1], ATP [45], and sodium [27] would provide
insight into the complete glutamate-glutamine neurotransmitter cycle. Such studies
have already been undertaken using 13C in rodents [11], [19], and [20], and prove to be
of great interest in the future in humans in vivo.


Publications
The research presented in this thesis has also been published in the following:
Snyder, Sarah Rebecca, Schmitter, Sebastian, Nagel, Armin, and Bachert, Peter.
In vivo Fourier Shifted Two-Dimensional Zero-Quantum Coherence 1H NMR Spec-
troscopy of Glutamate and Glutamine Proceedings, 17th Annual Meeting, ISMRM,
Honolulu, 17: (2009) 4320.
Snyder, Sarah Rebecca and Bachert, Peter. In vivo Magnetresonanz-Spektroskopie
von Glutamat und Glutamine Proceedings, 39th Annual Meeting, DGMP, Oldenburg,
39: (2008) 162.
Snyder, Sarah Rebecca, Kraus, Katharina, Kirsch, Stefan, and Bachert, Peter. Two-
Dimensional Zero-Quantum Coherence 1H NMR Spectroscopy of Glutamate and Glu-
tamine Proceedings, 16th Annual Meeting, ISMRM, Toronto, 16: (2008) 1564.
125

Bibliography
[1] Allen, Peter S., Richard B. Thompson, and Alan H. Wilman. Metabolite-Speciﬁc
NMR Spectroscopy in vivo. NMR in Biomedicine 10 (1997): 435-444.
[2] Becker, Georg, Peter Bachert, and Walter J. Lorenz. Proceedings, 11th Annual
Meeting, SMRM, Berlin, 11 (1992): 2137.
[3] Bloch, Felix. Nuclear Induction. Physical Review. 70 (1946): 460-474.
[4] Bottomley, Paul A. Spatial Localization in NMR Spectroscopy in Vivo.
Annals New York Academy of Sciences 508 (1987): 333-348.
[5] Braakman, Niels, et al. High Resolution Localized Two-Dimensional MR Spec-
troscopy in Mouse Brain In Vivo Magnetic Resonance in Medicine 60 (2008):
449-456.
[6] Choi, Changho, et al. Measurement of Brain Glutamate and Glutamine by
Spectrally-Selective Refocusing at 3 Tesla. Magnetic Resonance in Medicine 55
(2006): 997-1005.
[7] Choi, Changho, et al. T2 Measurement and Quantiﬁcation of Glutamate in
Human Brain In Vivo. Magnetic Resonance in Medicine 56 (2006): 971-977.
[8] Dreher, Wolfgang, and Dieter Leibfritz. Detection of Homonuclear Decoupled
In Vivo Proton NMR Spectra using Constant Time Chemical Shift Encoding:
CT-PRESS Magnetic Resonance Imaging 17 (1999): 141-150.
[9] Dreher, Wolfgang, and Dieter Leibfritz. On the Use of Two-dimesional J-
NMR Measurements for in Vivo Proton MRS: Measurement of Homonu-
clear Decoupled Spectra Without the Need for Short Echo Times.
Magnetic Resonance in Medicine 34 (1995): 331-337.
[10] Ernst, Richard, Geoﬀery Bodenhausen, and Alexander Wokaun.
Principles of Nuclear Magnetic Resonance in One and Two Dimensions. New
York: Oxford University Press, 1987.
[11] Fitzpatrick, S. M., et al. The ﬂux from glucose to glutamate in the rat
brain in vivo as determined by 1H-observed, 13C-edited NMR spectroscopy..
Journal of Cerebral Blood Flow and Metabolism 10 (1990): 170-179.
127
128 BIBLIOGRAPHY
[12] Frahm, J., et al. Stimulated Echo Imaging. Journal of Magnetic Resonance 64
(1985): 81-93.
[13] Govindaraju, Varanavasi, et al. Measurement of Chemical Shifts and Coupling
Constants for Glutamate and Glutamine. Magnetic Resonance in Medicine 39
(1998): 1011-1013.
[14] Govindaraju, Varanavasi, Karl Young, and Andrew A. Maudsley. Pro-
ton NMR chemical shifts and coupling constants for brain metabolites.
NMR in Biomedicine 13 (2000): 129-153.
[15] Griﬃth, H. Randall, et al. Reduced brain glutamate in patients with Parkinson's
disease NMR in Biomedicine 21 (2008): 381-387.
[16] Gruetter, Rolf, et al. Resolution Improvements in in Vivo 1H NMR Spectra with
Increased Magnetic Field Strength Jouranal of Magnetic Resonance 135 (1998):
260-264.
[17] Hattori, Noriaki, et al. Proton MR spectroscopic study at 3 Tesla on gluta-
mate/glutamine in Alzheimer's disease Neuroreport 13 (2002): 183-186.
[18] Hurd, Ralph, et al. Measurement of Brain Glutamate Using TE-Averaged
PRESS at 3T. Magnetic Resonance in Medicine 51 (2004): 435-440.
[19] Hyder, Fahmeed, Remco Renken, and Douglas Rothman. In Vivo
Carbon-Edited Detection With Proton Echo-Planar Spectroscopic Imaging
(ICED PEPSI): [3,4-13CH2]Glutamate/Glutamine Tomography in Rat Brain
Jouranal of Magnetic Resonance 42 (1999): 997-1003.
[20] Inubushi, Toshiro, et al. 1H-Detected In Vivo 13C NMR Spectroscopy
and Imaging at 2T Magnetic Field: Eﬃcient Monitoring of 13C-
Labeled Metabolites in the Rat Brain Derived from 1-13C-Glucose
Biochemical and Biophysical Research Communications 191 (1993): 886-872.
[21] Jeener, J. Ampere International Summer School II. Basko Polje, Jugoslavia, 1971.
[22] Kickler, Nils, et al. Glutamate measurement in Parkinson's disease using MRS
at 3 T ﬁeld strength. Magnetic Resonance in Medicine 20 (2007): 757-762.
[23] Levitt, Malcolm H. Spin Dynamics. Chichester: John Wiley & Sons Ltd, 2008.
[24] Lipnick, S. L., et al. In Proceedings, 17th Annual Meeting, ISMRM, Honolulu,
17 (2009): 4316.
[25] Mayer, Dirk, and Daniel M. Spielman. Fast CT-PRESS-Based Spiral Chemical
Shift Imaging at 3 Tesla. Magnetic Resonance in Medicine 55 (2006): 974-978.
BIBLIOGRAPHY 129
[26] Mayer, Dirk, et al. Detection of Glutamate in the Human Brain
at 3 T Using Optimized Constant Time Point Resolved Spectroscopy.
Magnetic Resonance in Medicine 54 (2005): 439-442.
[27] Nagel, A. M., et al. In Proceedings, 17th Annual Meeting, ISMRM, Honolulu,
17 (2009): 555.
[28] Pan, Jullie W., et al. Rett Syndrome: 1H Spectroscopic Imaging at 4.1 Tesla
Journal of Child Neurology 14 (1999): 524-528.
[29] Raichle, Marcus E. and Mark A. Mintun. Brain Work and Brain Imaging
Annual Review of Neuroscience 29 (2006): 449-476.
[30] Ryner, Lawrence H., James A. Sorenson, and Albert M. Thomas. Localized 2D
J-Resolved 1H MR Spectroscopy: Strong Coupling Eﬀects In Vitro and In Vivo
Magnetic Resonance Imaging 13 (1995): 835-869.
[31] Savic, I., et al. In vivo measurements of glutamine + glutamate
(Glx) and N-acetyl aspartate (NAA) levels in human partial epilepsy.
Acta Neurologica Scandinavica 102 (2000): 179-188.
[32] Schmitt, B. and P. Bachert. Proceedings, 16th Annual Meeting, ISMRM,
Toronto, 16 (2008): 2101.
[33] Schubert, Florian, et al. Glutamate concentrations in human brain using single
voxel proton magnetic resonance spectroscopy at 3 Tesla. Neuroimage 21 (2004):
1762-1771.
[34] Schulte, Rolf F., Andreas H. Trabesinger, and Peter Boesiger. Chemical-Shift-
Selective Filter for the In Vivo Detection of J-Coupled Metabolites at 3T.
Magnetic Resonance in Medicine 53 (2005): 275-281.
[35] Schulte, Rolf F., et al. Improved two-dimensional J-resolved spectroscopy.
NMR in Biomedicine 19 (2006): 264-270.
[36] Shen, Jun, et al. Determination of the rate of the gluta-
mate/glutamine cycle in the human brain by in vivo 13C NMR.
Proceedings of the National Academy of Science 96 (1999): 8235-8240.
[37] Shulman, Robert G., Fahmeed Hyder, and Douglas Rothman. Cerebral en-
ergetics and the glycogen shunt: Neurochemical basis of functional imaging.
Proceedings of the National Academy of Science 98 (2001): 6417-6422.
[38] Sotak, C. H. A volume-localized, two-dimensional NMR method for the deter-
mination of lactate using zero-quantum coherence created in a stimulated echo
pulse sequence. Magnetic Resonance in Medicine 7 (1988): 364-70.
[39] Srinivasan, Radhika, et al. Evidence of elevated glutamate in multiple sclerosis
using magnetic resonance spectroscopy at 3 T. Brain 128 (2005): 1016-1025.
130 BIBLIOGRAPHY
[40] Thomas, Albert M., et al. Evaluation of two-dimensional L-COSY and
JPRESS using a 3 T MRI scanner: from phantoms to human brain in vivo.
NMR in Biomedicine 16 (2003): 245-251.
[41] Thomas, Albert M., et al. Localized Two-Dimensional Shift Correlated MR Spec-
troscopy of Human Brain. Magnetic Resonance in Medicine 46 (2001): 58-67.
[42] Thompson, Richard B. and Peter S. Allen. A New Multiple Quantum Filter
Design Procedure for Use on Strongly Coupled Spin Systems Found In Vivo: Its
Application to Glutamate. Magnetic Resonance in Medicine 39 (1998): 762-771.
[43] Tibbo, Philip, et al. 3-T Proton MRS Investigation of Glutamate
and Glutamine in Adolescents at High Genetic Risk for Schizophrenia.
The American Journal of Psychiatry 161 (2004): 1116-1118.
[44] Tka´cˇ, Ivan, et al. In Vivo 1H NMR Spectroscopy of the Human Brain at 7 T.
Magnetic Resonance in Medicine 46 (2001): 451-456.
[45] Ulrich, M., et al. 31P-{1H} Echo-Planar Spectroscopic Imaging of the Human
Brain In Vivo. Magnetic Resonance in Medicine 57 (2007): 784-790.
[46] Watanabe, H., N. Takaya, and F. Mitsumori. Simultaneous observation of gluta-
mate, γ-aminobutyric acid, and glutamine in human brain at 4.7 T using localized
two-dimensional constant-time correlation spectroscopy. NMR in Biomedicine
21 (2008): 518-526.


Gratitude
I wish to express my gratitude to Prof. Dr. Peter Bachert for providing me with
the opportunity to research in such an exciting ﬁeld. Without his support, this project
never would have come about. His endless knowledge in so many ﬁelds is a great inspira-
tion to me. For his genuine wish to support me in all of my eﬀorts, I am truly thankful.
I also thank Prof. Dr. Dr. Christoph Cremer for his willingness to critique this
document.
Thanks also go to the past and current members of the DKFZ MR Physics de-
partment, Dr. Armin Nagel, Katharina Kraus, Dr. Sebastian Schmitter, Dr. Stefan
Kirsch, Dr. Frederik Laun, Nadia Benkhedah, Benjamin Schmitt, PD Michael Bock,
Moritz Berger, Michael Batel, Dr. Maja Sohlin, Christian Matthies, Andreas Lemke,
and Patrick Heiler for their thought-provoking conversations and helpful hints.
I am deeply indebted to Moritz Berger, Dr. Stefan Zwick, Patrick Heiler, Andreas
Walker, Michael Herrmann, Stefan Hoﬀmann, Guido Antweiler, and Takako Kurimoto
for four more minutes.
The help that Rene Hertel, Dr. Christian Zechmann, Dr. Bram Stieljes, Susanne
Yubai, Kathleen Knauer, Dr. Julien Dinkel, Dr. Christian Hintze, and Verena Ha-
betler provided with in vivo measurements was indispensable. To them I also express
my thanks.
In the past three years, three weeks, and three days, Michael Herrmann has taught
me almost everything I know about programming and has in return learned more than
he ever wanted to know about ZQC, or for that matter, physics in general.
To Nedra Baublitz, for her critical reading of portions of this document, I am also
very thankful.
133
134
